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A d i s c r e p a n c y  a p p e a r s  between t h e  Mar ine r  V and 
Venera 4 p r o f i l e s  o f  a tmosphe r i c  p a r a m e t e r s ,  i f  t h e  Venera 
a l t i t u d e s  are t r a n s f o r m e d  t o  r a d i a l  d i s t a n c e s ,  u s i n g  t h e  radar 
r a d i u s .  T h i s  d i s c r e p a n c y  i s  w i d e l y  i n t e r p r e t e d  as a p u r e  
a l t i t u d e  d i s c r e p a n c y ,  a r i s i n g  from t h e  a l t i t u d e - r a d i u s  con- 
v e r s i o n .  
d i s c r e p a n c y  may be a combina t ion  of t r u e  a l t i t u d e  e r r o r s ,  as 
w e l l  as e r r o r s  i n  t h e  mean p o l a r i z a b i l - i t y  of  t h e  a tmosphe re ,  
r e l a t ed  t o  t h e  p r e s e n c e  o f  u n i d e n t i f i e d  p o l a r  c o n s t i t u e n t s .  
V a r i o u s  e x p l a n a t i o n s  t h a t  a t t r i b u t e  t h e  e n t i r e  d i s c r e p a n c y  t o  
a l t i t u d e  e f f e c t s ,  a r e  examined i n  t h e  l i g h t  of c o n s t r a i n t s  
imposed by o t h e r  o b s e r v a t i o n a l  d a t a .  These e x p l a n a t i o n s  i n -  
c l u d e :  u n c e r t a i n t y  i n  t h e  r e g i o n  probed  by Venera 4 ,  p o s s i b l e  
e l e v a t e d  l a n d i n g  s i t e ,  radar r a d i u s  e r r o r ,  and s u r f a c e  r a d i u s  
v a r i a t i o n .  Aside from t h e  a p p a r e n t  a l t i t u d e  d i s c r e p a n c y ,  
t h e r e  a p p e a r s  t o  be  a s m a l l  d i f f e r e n c e  between t h e  s h a p e s  o f  t h e  
M a r i n e r  r e f r a c t i v i t y  and Venera number d e n s i t y  p r o f i l e s  which,  
b a r r i n g  s y s t e m a t i c  e x p e r i m e n t a l  e r r o r s  or s i g n i f i c a n t  
r e v i s i o n s  of  t h e  p r e l i m i n a r y  data ,  imply t h a t  t h e  atmos- 
p h e r i c  p o l a r i z a b i l i t y  may depend on a l t i t u d e .  
u n i d e n t i f i e d  p o l a r  s u b s t a n c e s  c o u l d  e x p l a i n  t h i s  dependence  
t h r o u g h  t h e  t e m p e r a t u r e  dependence o f  t h e i r  p o l a r i z a b i l i t i e s .  
The r e f r a c t i v i t y  c o n t r i b u t i o n s  from u n i d e n t i f i e d  p o l a r  sub- 
s t a n c e s  may b e  l a r g e ,  even  i f  t h e i r  number f r a c t i o n s  are  small .  
T h e s e  s u b s t a n c e s  may i n c l u d e  p a r t i c l e s  of  d imens ions  l a r g e r  
t h a n  o r d i n a r y  m o l e c u l e s .  Even i f  t h e i r  mean d i p o l e  moment i s  
zero ,  f l u c t u a t i o n s  i n  t h e i r  c h a r g e  d i s t r i b u t i o n s  may s t i l l  
r e s u l t  i n  a large enough non-van i sh ing  p o l a r i z a b i l i t y .  
S u g g e s t i o n s  for f u r t h e r  i n v e s t i g a t i o n s  are  g i v e n .  

T h i s  r e p o r t  s t u d i e s  t h e  p o s s i b i l i t y  t h a t  t h e  a p p a r e n t  

The p r e s e n c e  o f  

SEE REVERSE S I  DE FOR D ISTR I BUTlOW L I ST 
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TECHNICAL MEMORANDUM 

I.  I N T R O D U C T I O N  

The r e c e n t  s u c c e s s  o f  t h e  Venera 4 and  Mar ine r  V 
m i s s i o n s  t o  Venus has y i e l d e d  a good d e a l  o f  i n f o r m a t i o n  con- 
c e r n i n g  t h a t  p l a n e t .  I n  p a r t i c u l a r ,  p h y s i c a l  data c o n c e r n i n g  
the  lower  n e u t r a l  a tmosphere  have been o b t a i n e d  from b o t h  
m i s s i o n s .  I n  t h e  case of Venera 4 ,  t h e  d e s c e n t  p robe  measured 
d i r e c t l y  t h e  p r e s s u r e ,  t e m p e r a t u r e  and  d e n s i t y ,  and i t  a l s o  
c a r r i e d  gas  a n a l y z e r s  t ha t  sampled t h e  a tmosphere .  Detai led 
r e p o r t s  on t hese  measurements  have r e c e n t l y  become a v a i l a b l e .  
They have  e l a b o r a t e d  a n d ,  i n  some i n s t a n c e s ,  r e v i s e d  t h e  pre-  

C3,43 l i m i n a r y  i n f o r m a t i o n  r e p o r t e d  e a r l i e r  i n  R u s s i a n  newspapers .  
I n  t h e  c a s e  o f  Mar ine r  V, t h e  S-band r a d i o  o c c u l t a t i o n  expe r imen t  
measured e s s e n t i a l l y  t h e  r e f r a c t i v e  i n d e x  o f  t h e  a tmosphe re ,  from 
which p r e s s u r e  and t e m p e r a t u r e  have  a l s o  been  d e r i v e d .  

C L 2 1  

C5,61 

There i s  a w i d e l y  r e c o g n i z e d  a p p a r e n t  d i s c r e p a n c y  
between t h e  p r e s s u r e  and  t e m p e r a t u r e  p r o f i l e s  measured by Venera 
4 and t h o s e  deduced by Mar iner  V.  The Mar ine r  d a t a  a re  d e r i v e d  
as  f u n c t i o n s  o f  r a d i u s  from t h e  p l a n e t ' s  g r a v i t a t i o n a l  c e n t e r ,  
whi le  t h e  Venera data  a r e  measured as f u n c t i o n s  o f  a l t i t u d e  above  
t h e  s u r f a c e .  Using t h e  ave rage  s u r f a c e  r a d i u s  o f  6056 km (see 
Sec .  V I I )  , as d e t e r m i n e d  by r a d a r  t i m e - d e l a y  ' 71, t h e  Venera p ro -  
f i l e s  c a n  be e x p r e s s e d  as f u n c t i o n s  of  r a d i u s  and compared w i t h  
t h e  M a r i n e r  p r o f i l e s .  T h i s  i s  shown i n  F i g u r e s  1 and 2 f o r  t h e  
p r e s s u r e s  and t e m p e r a t u r e s ,  r e s p e c t i v e l y .  c81  
p r e s s u r e  p r o f i l e s  o f  t h e  two expe r imen t s  d i f f e r  by a b o u t  2 2  km, 
w h i l e  t h e  t e m p e r a t u r e  p r o f i l e s  d i f f e r  by 2 2  t o  27 k m ,  depending  
on t h e  f r a c t i o n a l  abundance of C 0 2 .  

t h e  c o n s i s t e n c y  and c o r r e l a t i o n  o f  t h r e e  i n d e p e n d e n t  s e t s  o f  mea- 
s u r e m e n t s ;  namely,  t h e  radar t ime-de lay ,  M a r i n e r  V,  and Venera 4 .  
The a c c u r a c i e s  i n  a l l  these  e x p e r i m e n t s  appear t o  be f a i r l y  h i g h ,  
and s o  f a r  no s e r i o u s  e r r o r s  have been  f o w d  i n  any of them. There 
i s  a good p r o b a b i l i t y  t h a t  a l l  t h r e e  s e t s  of  data are e s s e n t i a l l y  
c o r r e c t  as t h e y  s t a n d .  If s o ,  t h e  d i s c r e p a n c y  might be a mani- 
f e s t a t i o n  of some p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  p l a n e t  t h a t  are  
n o t  y e t  u n d e r s t o o d ,  which w e  might hope t o  t r a c k  down by search- 

It appears t h a t  t h e  

The d i s a g r e e m e n t  i s  a s i g n i f i c a n t  one ,  as i t  i n v o l v e s  
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i n g  f o r  a n  e x p l a n a t i o n  of t h e  d i s c r e p a n c y .  
d i s c r e p a n c y ,  o u r  approach  i s  t o  i d e n t i f y  t h e  d i r e c t l y  
measured q u a n t i t i e s  of these  three  e x p e r i m e n t s ,  and t o  examine 
t h e  v a r i o u s  a s sumpt ions  t h a t  a r e  made i n  r e d u c i n g  t h e  d i r e c t  data 
t o  t he  f i n a l  r e s u l t s .  

I n  a n a l y z i n g  t h e  

11. DISCREPANCY I N  TERMS O F  REFRACTIVITY 

The Mar ine r  V experiment  on ly  measured d i r e c t l y  
one a t m o s p h e r i c  p r o p e r t y ,  t h e  r e f r a c t i v i t y  o f  t h e  a tmosphere .  
T h e r e f o r e ,  i t  i s  i n f o r m a t i v e  t o  p r e s e n t  b o t h  t h e  Mar ine r  and Venera 
r e s u l t s  i n  terms o f  r e f r a c t i v i t y  r a the r  t h a n  i n  terms of p r e s s u r e  
or t e m p e r a t u r e ,  which Mar iner  d i d  n o t  measure ,  and r e l a t e  t h e  
Venera measurements t o  t h i s  pa rame te r .  

i s  r e l a t e d  t o  t h e  number d e n s i t y  ni and p o l a r i z a b i l i t y  ai  o f  i t s  
The r e f r a c t i v e  index o f  t h e  a tmosphe re ,  deno ted  by ;, 

v a r i o u s  c o n s t i t u e n t s  b y  t h e  Lorentz-Lorenz f o r m u l a :  

The p l a  . i z a b i l i t y  i s  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  be,ween t h e  
e l e c t r i c  d i p o l e  moment and e l e c t r i c  f i e l d ,  which has t h e  d imens ion  
o f  l e n g t h  cubed i n  t h e  e . s . u .  sys t em.  Throughout t h i s  p a p e r ,  t h e n ,  
w e  will u s e  cm3 f o r  ai and cm-3 f o r  n i '  

% For n-l<<l, which i s  v a l i d  even  i n  t h e  d e n s e  a tmosphere  
of  Venus, t h e  above fo rmula  i s  approximated  by 

% n - 1 N = 2 n  

i 

where N i s  t h e  r e f r a c t i v i t y .  The a b o v e  r e l a t i o n  may a l s o  be 
e x p r e s s e d  as 

where n ~ r n ' ~  i s  t h e  t o t a l  number d e n s i t y ,  and a cm3 i s  t h e  
mean p o l a r i z a b i l i t y ,  d e f i n e d  by 

i 

= l- f,a. 
I 1. 

i 
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The q u a n t i t y  f i  5 ni/n i s  t h e  number f r a c t i o n ,  o r  molar  f r a c t i o n ,  
or p e r c e n t  by volume, o f  t h e  i - t h  c o n s t i t u e n t .  ( F r e q u e n t l y ,  w e  
w i l l  u s e  t h e  n o t a t i o n  f C O  

C 0 2 ,  e t c . )  
E q u a t i o n s  ( 2 . 1 ) ,  ( 2 . 2 )  and ( 2 . 4 )  must i n c l u d e  - a l l  t h e  c o n s t i t u e n t s  
i n  t h e  a tmosphe re .  By c o n s t i t u e n t s ,  w e  mean n o t  o n l y  t h e  s t ab le  
m o l e c u l e s  t h a t  w e  no rma l ly  t h i n k  o f  as making up t h e  n e u t r a l  
a tmosphe re ,  b u t  a l s o  any o t h e r  form of  matter t h a t  may be sus -  
pended i n  i t ,  such  as a e r o s o l  p a r t i c l e s .  

t o  d e n o t e  t h e  number f r a c t i o n  o f  
2 

It shou ld  b e  emphasized t h a t  t h e  summations i n  

The Venera 4 p r o b e  measured d i r e c t l y  t h e  t e m p e r a t u r e  T 
and t o t a l  p r e s s u r e  p .  From these  two measurements ,  t h e  t o t a l  number 
d e n s i t y  can  be  de t e rmined  from t h e  p e r f e c t  gas law: 

where k i s  t h e  Boltzmann c o n s t a n t .  T h i s  law i s  a c c u r a t e  w i t h i n  
1-2% f o r  C 0 2 ,  N 2 ,  and o t h e r  common g a s e s ,  i n  t h e  r a n g e s  o f  p r e s -  
s u r e s  and t e m p e r a t u r e s  encoun te red  i n  Venus. [ ” *  A c t u a l l y ,  t h e  
Venera p robe  a l s o  measured t h e  mass d e n s i t y ,  f rom which t h e  number 
d e n s i t y  c a n  a l s o  be  d e r i v e d .  However, t h e  d e n s i t y  measurement i s  
l e s s  d i r e c t ,  and hence  l e s s  r e l i a b l e ,  t h a n  t h e  p r e s s u r e  and tem- 
p e r a t u r e  measurements .  (See  page 7 f o r  a d i s c u s s i o n  of  t h e  
Venera d e n s i t y  measurement . )  T h e r e f o r e ,  i t  i s  more a c c u r a t e  t o  
d e r i v e  t h e  number d e n s i t y  from t h e  p r e s s u r e  and t e m p e r a t u r e  data 
r a t h e r  t h a n  from t h e  r e a d i n g s  o f  t h e  d e n s i t y  g a g e ,  

The r e l a t i o n s h i p  between t h e  Mar ine r  and Venera da ta  i s  
s e e n  c l e a r l y  i n  Eq. ( 2 . 3 ) .  Mar iner  V measured N as a f u n c t i o n  o f  
r ,  t h e  r a d i u s  from t h e  center -of -mass ,  whereas Venera 4 measured 
n as a f u n c t i o n  of  z ,  t h e  a l t i t u d e  above t h e  s u r f a c e .  I n  r e l a t i n g  
N ( r )  and n ( z ) ,  two f a c t o r s  have t o  be c o n s i d e r e d ;  (1) t h e  t r a n s -  
f o r m a t i o n  between r and z; ( 2 )  t h e  mean p o l a r i z a b i l i t y  o f  t h e  a t -  
mosphere.  ? h e r e f o r e ,  a d i sag reemen t  between t h e  Mar ine r  and Venera 
data  may a r i s e  from a n  e r roneous  a s sumpt ion  made abou t  e i t h e r  (1) 
or ( 2 ) ,  or b o t h .  

* 
S i n c e  abou t  9 0 %  o f  t h e  t o t a l  a t m o s p h e r i c  p r e s s u r e  r e s u l t s  

from C 0 2 ,  t h e  p e r f e c t  g a s  assumpt ion  a p p l i e d  t o  t h e  whole m i x t u r e  
i s  n o t  v e r y  s e n s i t i v e  t o  p o s s i b l e  d e v i a t i o n  o f  a non-C02 
s p e c i e s  f rom a p e r f e c t  gas. F o r  example,  a 40% d e v i a t i o n  from 
p e r f e c t  g a s  o f  some s p e c i e s  whose number f r a c t i o n  i s  5% w i l l  
c a u s e  abou t  2 %  e r r o r  i n  t h e  assumpt ion  f o r  t h e  m i x t u r e .  
Whether a gas i s  p o l a r  or n o n p o l a r ,  i t  w i l l  behave a p p r o x i -  
m a t e l y  l i k e  a p e r f e c t  g a s  i f  its p r e s s u r e  and t e m p e r a t u r e  are 
a t  some d i s t a n c e  from i t s  c r i t i c a l  p o i n t .  It i s  assumed t h a t  
t n e  iow p a r t i a i  p r e s s u r e s  ( Q  few p e r c e n t  of  t h e  t o t a i  p r e s s u r e j  
t o g e t h e r  w i t h  h i g h  t e m p e r a t u r e s  w i l l  s a t i s f y  t h i s  c o n d i t i o n  
s u f f i c i e n t l y ,  s o  none o f  t h e  o t h e r  g a s e s  d e v i a t e  t o o  f a r  ( s a y ,  
< 4 0 % )  f rom p e r f e c t  gas. 
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I n  F i g u r e  3, t h e  r e f r a c t i v i t y  measured by Mar ine r  i s  

compared w i t h  t h a t  c a l c u l a t e d  from t h e  Venera number d e n s i t y ,  
based ofi a 1 0 0 %  CO a tmosphere.  (If  t h e  l a t t e r  i s  changed t o  
9 0 %  C 0 2  - 1 0 %  N 2 ,  $he  Venera curve  i n  F i g u r e  3 s h i f t s  s l i g h t l y  
t o  t h e  l e f t ,  c o r r e s p o n d i n g  t o  a r e d u c t i o n  o f  r e f r a c t i v i t y  by a 
f a c t o r  o f  .96.) 
c o r r e s p o n d s  t o  t h a t  f rom which t h e  Mar ine r  p r e s s u r e s  o f  F i g .  1 
and Mar ine r  t e m p e r a t u r e s  of  F ig .  2 a re  d e r i v e d .  (see f o o t n o t e  
The rad ia l  d i s t a n c e s  o f  t h e  Mariner  p r o f i l e s  are c o n v e r t e d  t o  
a l t i t u d e s ,  assuming t h e  ze ro  a l t i t u d e  r e f e r e n c e  t o  be 6056 km. 
The d i r e c t  i n v e r s i o n  r e f r a c t i v i t y  i s  used ,  s i n c e  i t  i s  d e r i v e d  
w i t h o u t  assuming any a p r i o r i  a tmosphe r i c  model,  o t h e r  t h a n  
s p h e r i c a l  symmetry. 

The Mar ine r  r e f r a c t i v i t y  c u r v e  i n  F i g u r e  3 

57 ) 

From F i g .  3,  i t  i s  easy  t o  see t h a t  t h e r e  are  two ways 
o f  l o o k i n g  a t  t h e  d i s c r e p a n c y .  It may be viewed as a d i s c r e p a n c y  
i n  a l t i t u d e ,  or as a d i s c r e p a n c y  i n  r e f r a c t i v i t y ,  or a s  a conibin- 
a t i o n  of b o t h .  The fo rmer  view c o r r e s p o n d s  t o  e r r o r s  i n  t r a n s -  
forming  r a d i u s  t o  a l t i t u d e ,  and t h e  l a t t e r  c o r r e s p o n d s  t o  p o s s i b l e  
e r r o r s  i n  t h e  assumed v a l u e  f o r  a. From t h e  Mar ine r  and Venera 
data  a l o n e ,  t h e r e  i s  no way  of d e t e r m i n i n g  how much o f  t h e  d i s -  
c repancy  i s  due t o  e i t h e r  sou rce  o f  e r r o r .  

I t  i s ,  however,  i n s t r u c t i v e  t o  assume d i f f e r e n t  v a l u e s  
for t h e  a l t i t u d e  e r r o r ,  and i n v e s t i g a t e  t h e  r e m a i n i n g  d i sc r&epancy  
i n  terms of r e f r a c t i v i t y  e r r o r s .  V a r i o u s  a l t i t u d e  e f f e c t s  w i l l  
combine t o  d i s p l a c e  t h e  lower  and uppe r  c u r v e s  a l o n g  t h e  v e r t i c a l  
a x i s  r e s u l t i n g  i n  a n e t  v e r t i c a l  d i s p l a c e m e n t  of  one c u r v e  r e l a t i v e  
t o  t h e  o t h e r .  T h i s  n e t  d i sp l acemen t  w i l l  be  deno ted  by A ;  i t  has 
t h e  same e f f e c t  as changing  the  s u r f a c e  r a d i u s  by a n  amount A r , = A .  
It i s  a c o n v e n i e n t  p a r a m e t e r  f o r  r e p r e s e n t i n g  t h e  sum o f  a l l  t h e  
a l t i t u d e  e r r o r s .  

For  a g i v e n  v a l u e  of A ,  t h e  d i f f e r e n c e  A N  = N-2TIncL0 (see 
E q s .  2.2 and 2 . 3 )  can  be  c a l c u l a t e d  as a f u n c t i o n  o f  a l t i t u d e .  It 
i s  t h e  e x c e s s  r e f r a c t i v i t y  measured by  Mar ine r  V o v e r  t h a t  e x p e c t e d  
f o r  a n  assumed mean p o l a r i z a b i l i t y  C L , .  I n  F i g .  4 ,  AN i s  p l o t t e d  
f o r  Zo = a . I n  terms of E q .  ( 2 . 2 ) ,  t h e  e x c e s s  r e f r a c t i v i t y  AN 

might  be i n t e r p r e t e d  as t h e  p a r t i a l  sum 2IIC n a 

c o n t r i b u t i o n s  t h a t  have been ove r looked .  

co2 
of r e f r a c t i v i t y  i i i  

An a l t e r n a t i v e  p r e s e n t a t i o n  o f  t h e  e x c e s s  r e f r a c t i v i t y  
i s  t o  c o n s i d e r  t h e  r a t i o  of r e q u i r e d  CL t o  t h e  assumed Go, c a l c u l a t e d  
by 

a -  

a, 2rInZ0 
3 (2.6) 

N - 
- -  - 

f o r  a g i v e n  v a l u e  o f  A .  P l o t s  of t h i s  r a t i o  are  shown as s o l i d  
c u r v e s  i n  F i g .  5.  

If t h e  d i s c r e p a n c y  were due  s o l e l y  t o  a l t i t u d e  e f f e c t s ,  
- i t  - s h n i i l d  - - - -_ - - h e  poss/hle t n  f i n d  a part,/cl_rlar r r a l i ~ e  nf  A t h a t  ? ~ ! L l l  
y i e l d  a n  a l t i t u d e  independen t  v a l u e  of  T/ao c l o s e  t o  u n i t y .  It 
a p p e a r s  from F i g .  5 t h a t  t h i s m i g h t  n o t  be t h e  c a s e .  
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The p o s s i b i l i t y  t h a t  t h e  assumed mean p o l a r i z a b i l i t y  
0 o f  t h e  a tmosphere  cou ld  be i n  e r r o r  i s  n o t  obvious  and has been  

l a r g e l y  i g n o r e d  i n  c u r r e n t  d i s c u s s i o n s  abou t  t h e  d i s c r e p a n c y .  One 
of' t h e  p u r p o s e s  of t h i s  r e p o r t  i s  t o  b r i n g  a t t e n t i o n  t o  t h i s  
p o i n t .  The p o s s i b i l i t y  a r i ses  f r o m  t h e  u n c e r t a i n t i e s  i n  t h e  non- 
CO c o n s t i t u e n t s  of t h e  atmosphere,  and t h e  magni tude  o f  t h e i r  
m f r a c t i v i t y  c o n t r i b u t i o n s .  I n  the  f o l l o w i n g ,  w e  r ev iew t h e  
known f a c t s  abou t  t h e  compos i t ion  of t h e  Venus a tmosphe re ,  and 
i n d i c a t e  how t h e  u n c e r t a i n t y  i n  CC a r i s e s .  

2 

111. UNCERTAINTY I N  COMPOSITION AND MEAN POLARIZABILITY 

The Venera 4 g a s  a n a l y s i s ,  as w e l l  as t h e  e a r l i e r  h igh-  

r e s o l u t i o n  s p e c t r o s c o p y  by Connes e t  a l . ,  rlO', have conf i rmed CO, 
L 

as t h e  ma jo r  c o n s t i t u e n t  of t h e  a tmosphere .  
f r a c t i o n  i s  s t i l l  u n c e r t a i n .  The bes t  da t a  a v a i l a b l e  a r e  t h o s e  
o b t a i n e d  by Venera 4, g i v e n  i n  T a b l e  I .  I n  t h e  p r e l i m i n a r y  an- 
nouncement,  Vinogradov gave  fCO = - 9 2 5  ? . 0 2 5 ,  b u t  i n  a more 

r e v i s e d  i t  t o  f = . 9 0  ? .lo. Taken a t  i t s  f a c e  v a l u e ,  t h e  re- 

v i s e d  f i g u r e  i m p l i e s  t h a t  t h e  p e r c e n t a g e  of  non-C02 g a s e s  may 
r a n g e  from z e r o  t o  2 0 % ,  w i t h  a p r o b a b l e  v a l u e  n e a r  10%. Never the-  
l e s s ,  w e  canno t  a p r i o r i  assume t h a t  t h e  r e f r a c t i v i t y  c o n t r i b u t i o n  
o f  t h e  non-C02 gases i s  s m a l 1 , u n t i l  w e  have i d e n t i f i e d  a l l  t h e  

non-C02 c o n s t i t u e n t s ,  and a s c e r t a i n e d  t h e  magni tudes  of t h e i r  

i n d i v i d u a l  p o l a r i z a b i l i t i e s .  

However, t h e  C 0 2  

2 
r e c e n t  r e p o r t  a t  t h e  K i t t  Peak Conference (March, 1968), [111 he 

c02 

- 

The a s sumpt ion  i s  f r e q u e n t l y  made t h a t  a l l ,  or mos t ,  
o f  t h e  non-C02 g a s e s  c o n s i s t  o f  N2. 
e x p e r i m e n t a l  s u p p o r t  f o r  s u c h  a n  assumpt ion .  I n d e e d ,  t h e r e  i s  
even no e x p e r i m e n t a l  e v i d e n c e  t o  d a t e  t h a t  p o s i t i v e l y  c o n f i r m s  t h e  
p r e s e n c e  o f  any N 2  a t  a l l .  
gas a n a l y s i s  o n l y  de t e rmined  t h a t ,  i f  N 2  were p r e s e n t ,  i t s  abun- 
dance  i s  l e s s  t h a n  2 . 5 % .  I n  t h e  p r e l i m i n a r y  announcement,  t h e  N 2  
l i m i t  was g i v e n  as 7 % .  A s  w e  now know, t h e r e  were, n o t  one ,  b u t  
two N 2  g a s  d e t e c t o r s  on b o a r d ;  one has a t h r e s h o l d  s e n s i t i v i t y  of 
7 % ,  and t h e  o t h e r  a t h r e s h o l d  o f  2.5%. The r e a d i n g s  o f  n e i t h e r  of  
t hese  d e t e c t o r s  exceeded  t h e  t h r e s h o l d s .  E v i d e n t l y ,  t h e  p r e l i m i n a r y  
r e p o r t  t h a t  f N  < .O7 i s  a c o n s e r v a t i v e  es t imate .  I f  b o t h  d e t e c t o r s  

f u n c t i o n e d  p r o p e r l y ,  as i m p l i e d  by t h e  f i n a l  R u s s i a n  r e p o r t ,  t h e  
u p p e r  l i m i t  s h o u l d  be 2 . 5 % .  Prior t o  Venera 4 ,  t he re  were c l a i m s  
by Kozyrev "*' of d e t e c t i n g  a n  a i r g l o w  i n  Venus due t o  N 2 .  

The re  i s ,  up t o  now, no 

A s  i n d i c a t e d  i n  T a b l e  I ,  t h e  Venera 4 

2 

t 
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However, t hese  c l a i m s  have been  r e f u t e d  by t h e  o b s e r v a t i o n s  of 
Weinberg and Newkirk, [13' and more r e c e n t l y ,  by Goody and McCord. C141 
The p r e s e n t  knowledge conce rn ing  N 2  may be  summarized by t h e  s ta te -  
ment t h a t  0 < f N  < . 0 2 5 .  - - 

2 

I n  T a b l e  11, we l i s t  t h e  g a s e s  t h a t  have so f a r  been  
p o s i t i v e l y  i d e n t i f i e d  and whose number f r a c t i o n s  are known e x p e r i -  
m e n t a l l y .  These a r e  C02, 0 2 ,  H 2 0 ,  C O Y  H C 1 ,  and HF. 

o f  C O Y  HC1, and HF are q u i t e  n e g l i g i b l e ,  b e i n g ,  9 x lo-' ,  .6 x 
and . 5  x 1 0  -a , r e s p e c t i v e l y .  [ lo1  With r e g a r d  t o  O 2  and H 2 0 ,  t h e  

The f r a c t i o n s  

.007. On t h e  o t h e r  hand,  t h e  s p e c t r o s c o p i c  measurements  g i v e  v a l u e s  

a b o u t  lo2 t imes smaller f o r  O,, [15' and about  l o 2  t o  l o 3  times 
d -  

A t  p r e s e n t  , t h e s e  d i s c r e p a n c i e s  have smaller f o r  H 2 0 .  [lo, 16, 171 

n o t  been  r e s o l v e d ;  t h e r e f o r e ,  when u s i n g  t h e  Venera data,  w e  
s h o u l d  keep i n  mind t h a t  t h e  abundances of O2 and H 2 0  may be much 
smaller .  

L e t  u s  estimate t h e  minimum f r a c t i o n  of u n i d e n t i f i e d  g a s e s  
i m p l i e d  by  t h e  e x i s t i n g  d a t a .  The da ta  g i v e  t h e  f o l l o w i n g  maxima 
f o r  t h e  i d e n t i f i e d  non-C02 g a s e s :  

< f C O  ' f H C l  + f~~ 

Sum o f  above f r a c t i o n s  < .048 ( 3 . 1 )  

Deno t ing  t h e  t o t a l  f r a c t i o n  o f  non-C02 g a s e s  by f n ,  t h e  Venera 4 
d a t a  g i v e :  

( P r e l i m i n a r y )  

( R e v i s e d )  

.05 < f n  < .10 

0 < f n  < .20 
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Combining ( 3 . 2 a )  or ( 3 . 2 b )  w i t h  (l), w e  o b t a i n  t h e  f o l l o w i n g  
r a n g e s  f o r  t h e  minimum v a l u e  of f t h e  t o t a l  f r a c t i o n  of  uniden-  
t i f i e d  g a s e s :  

X '  

From ( 3 . 2 a ) :  , 0 0 2  < (fX)min < . 0 5 2  ( 3 . W  

From ( 3 . 2 b ) :  

These  v a l u e s  are minima f o r  f as w e  have assumed a maximum X '  
v a l u e  of . 0 4 8  f o r  t h e  t o t a l  f r a c t i o n  o f  i d e n t i f i e d  non-C02 con- 
s t i t u e n t s .  The es t imate  i s  c o n s e r v a t i v e ,  because  t h e  v a l u e  . 048  
i s  based on t h e  Venera 4 maxima f o r  O2 and H20, and it  a l s o  i g n o r e s  
t h e  p o s s i b i l i t y  t h a t  n i t r o g e n  may be a b s e n t .  Because of  t h e  wide 
t o l e r a n c e s  quo ted  for t h e  v a l u e  of  f , one i s  u n a b l e  t o  s p e c i f y  

a v a l u e  f o r  (fX)min, 

t h a t  ( fX)min  p r o b a b l y  f a l l s  i n  t h e  v i c i n i t y  of  a few p e r c e n t .  

c02 
N e v e r t h e l e s s ,  i t  i s  r e a s o n a b l e  t o  e x p e c t  

The  p r e c e d i n g  s t a t e m e n t  i s  r e i n f o r c e d  by o b s e r v a t i o n a l  
e v i d e n c e  from Venera 4 ,  which s u g g e s t s  t h e  p o s s i b l e  p r e s e n c e  of 
n o n - n e g l i g i b l e  f r a c t i o n s  of  u n i d e n t i f i e d  gases which a re  n e i t h e r  
C 0 2 ,  N 2 ,  n o r  02. T h i s  s u g g e s t i o n  a r i ses  from t h e  anomalous be- 

h a v i o r  of  t h e  d e n s i t y  measurement.  During t h e  f i r s t  50 m i n u t e s  o f  
t h e  p r o b e ' s  d e s c e n t ,  t h e  d e n s i t y  as w e l l  as p r e s s u r e  and tempera-  
t u r e  were measured s i m u l t a n e o u s l y .  The d e n s i t y  r e a d i n g  was a l w a y s  
l a r g e r  t h a n  t h a t  e x p e c t e d  f o r  t h e  p r e s s u r e  and t e m p e r a t u r e  o f  
e i t h e r  p u r e  C02 or any m i x t u r e  of  C 0 2 ,  N2 and 0 2 ,  which have mean 
m o l e c u l a r  w e i g n t s  of 4 4 . 0 1  or l e s s .  The a p p a r e n t  mean m o l e c u l a r  
weight  c a l c u l a t e d  from t h e  d e n s i t y ,  p r e s s u r e  and t e m p e r a t u r e  v a r i e s  
between 4 4 . 8  and 57 ,  as shown i n  F i g u r e  6 .  
is n o t  r u l e d ' o u t ,  t h e  e x c e s s  does n o t  n e c e s s a r i l y  i n d i c a t e  t h a t  
t h e  u n i d e n t i f i e d  m o l e c u l e s  a re  h e a v i e r  t h a n  C 0 2 .  

Although t h e  p o s s i b i l i t y  

The r e a s o n  i s  tha t  t h e  d e n s i t y  gage  d i d  n o t  measure t h e  
mass d e n s i t y  d i r e c t l y ,  b u t  t h e  i o n  c u r r e n t  i n  a chamber where t h e  
a tmosphe re  sample i s  i o n i z e d  b y  e l e c t r o n s  e m i t t e d  from s t r o n t i u m  - 
30. T h i s  c u r r e n t  depends not o n l y  on t h e  mass d e n s i t y  b u t  a l s o  
on t h e  i o n i z i n g  and c o n d u c t i n g  p r o p e r t i e s  of  t h e  m i x t u r e .  A s  a 
d e n s i t y  g a g e ,  i t  i s  composi t ion-dependent ,  and must be c a l i b r a t e d  
be fo rehand  for s p e c i f i c  m i x t u r e s .  
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The Venera gage was only  c a l i b r a t e d  t o  measure t he  
d e n s i t y  o f  C 0 2 ,  N2, O2 and m i x t u r e s  o f  these gases. 
s i s t e n t  gage r e a d i n g s  may i n d i c a t e  t h a t  t h e r e  are o t h e r  
gases p r e s e n t  i n  t h e  sample b e s i d e s  t h o s e  for which t h e  gage 
was c a l i b r a t e d .  The R u s s i a n  i n v e s t i g a t o r s  t h i n k  t h a t  these  
gases may b e  c o n t a m i n a t i o n s  f r o m  t h e  p r o b e ,  b u t  t hey  may a l s o  
s i m p l y  be p a r t  o f  t h e  atmosphere.  A d e t a i l e d  a n a l y s i s  o f  t h e  
f a c t o r s  a c c o u n t i n g  f o r  t h e  i n c o n s i s t e n t  gage  r e a d i n g s  might 
throw some l i g h t  on t he  n a t u r e  o f  t h e  u n i d e n t i f i e d  g a s e s .  

The incon-  

The f o r e g o i n g  c o n s i d e r a t i o n s  i n d i c a t e  tha t  t h e r e  may 
be  o t h e r  u n i d e n t i f i e d  non-C02 m o l e c u l e s ,  whose f r a c t i o n s  may be 

o f  t h e  o r d e r  o f  a f e w  p e r c e n t .  The p o l a r i z a b i l i t i e s  of these  
m o l e c u l e s  a re  unknown; t h e r e f o r e ,  t h e i r  c o n t r i b u t i o n  t o  5 ,  or 
t o  the t o t a l  r e f r a c t i v i t y  o f  t h e  a tmosphe re ,  i s  unknown. I f  
t h e  p o l a r i z a b i l i t i e s  a r e  a l l  of s imilar  magnitude t o  t h a t  o f  C 0 2  

o r  N 2 ,  t h e i r  c o n t r i b u t i o n  would be l i m i t e d ,  i n  view of t h e i r  
small f r a c t i o n s .  However, w e  cannot  a p r i o r i  r u l e  o u t  l a r g e  
p o l a r i z a b i l i t i e s  f o r  t h e  u n i d e n t i f i e d  m o l e c u l e s .  I n  which c a s e ,  
t h e  v a l u e  o f  E assumed on t h e  basis  o f  a C 0 2  - N2 m i x t u r e  may 
i n v o l v e  l a r g e  e r r o r s .  T h i s  w i l l  be  d i s c u s s e d  i n  Sec .  V. 

I V .  REFRACTIVITY C O N T R I B U T I O N  OF THE AEROSOLS 

Besides t h e  r e f r a c t i v i t y  c o n t r i b u t i o n  o f  u n i d e n t i f i e d  
m o l e c u l e s ,  t h e r e  may a l s o  b e  a c o n t r i b u t i o n  from non-molecular  
c o n s t i t u e n t s ,  such  as a e r o s o l s .  It i s  g e n e r a l l y  s u r m i s e d  t h a t  
l a rge  q u a n t i t i e s  o f  p a r t i c u l a t e  mat ter  a re  suspended  i n  t h e  
a tmosphere  o f  Venus. T h i s  i s  i m p l i e d  b y  many o b s e r v a t i o n a l  f a c t s .  
For example,  t h e  p l a n e t ' s  p h o t o m e t r i c  phase c u r v e ,  as w e l l  as 
its p o l a r i z a t i o n  phase c u r v e ,  [lS1 e x h i b i t  f e a t u r e s  c h a r a c t e r i s t i c  
o f  l i g h t  s c a t t e r e d  from mic ron- s i zed  p a r t i c l e s  r a the r  t h a n  from 
a o l e c u l e s .  The re  i s  a l s o  o t h e r  e v i d e n c e ,  such  as t h e  u n u s u a l l y  
h i g h  a l b e d o ,  t h e  d i f f u s e  appea rance  o f  t h e  p l a n e t ' s  t e r m i n a t o r ,  
t h e  e x t e n s i o n  of t h e  h o r n s  o f  t h e  Venus c r e s c e n t ,  e t c .  

The n a t u r e  o f  t h e  p a r t i c u l a t e  mat ter  i s  s t i l l  unknown. 
S u g g e s t i o n s  have been made t h a t  t h e y  may be  i c e  or d u s t  p a r t i c l e s .  
S i n c e  t h e  p o l a r i z a b i l i t y  of a p a r t i c l e  depends more s t r o n g l y  on 
i t s  s i z e  t h a n  on t h e  d i e l e c t r i c  c o n s t a n t  ( see  Eq.(A.2)), o u r  
c a l c u l a t i o n  o f  t h e  a e r o s o l  r e f r a c t i v i t y  does  n o t  depend t o o  
s t r o n g l y  on t h e  mater ia l  we assume f o r  t h e  p a r t i c l e s .  
it i s  shown t h a t  t h e  t o t a l  r e f r a c t i v i t y  due t o  p a r t i c l e s  w i t h  
d i e l e c t r i c  c o n s t a n t  E i s  g i v e n  by 

I n  Appendix A ,  



t 
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and  t h a t  due t o  c o n d u c t i n g  p a r t i c l e s  i s  g i v e n  by 

( 4 . 2 )  Na(z) - - 3  T @ ( z )  

. 
where O ( z ) ,  d e f i n e d  i n  Eq.(A.5), i s  t h e  t o t a l  volume f r a c t i o n  
o c c u p i e d  by t h e  a e r o s o l s  i n  u n i t  volume o f  a tmosphere .  If ,  
f o r  example,  we assume t h e  a e r o s o l s  t o  be d u s t  p a r t i c l e s ,  as 
i n  O p i k ’ s  a e o l o s p h e r e  model,  c19’ w e  c o u l d  take  E t o  b e  a b o u t  t h e  
same as t h a t  of  t h e  s u r f a c e .  The l a t t e r  i s  d e r i v e d  from radar 
r e f  l e  c t  i v i t y  , c20’  which t y p i c a l l y  g i v e s  E = 3.7. 
reads Na = . 7 1 0 .  T h i s  d i f f e r s  by a f a c t o r  o f  two from the  case 
o f  c o n d u c t i n g  p a r t i c l e s ,  bu t  .is o f  t h e  same o r d e r  o f  magni tude .  

Thus,  Eq. ( 4 . 1 )  

C l e a r l y ,  t h e  impor t an t  parameter t h a t  d e t e r m i n e s  t h e  
a e r o s o l  r e f r a c t i v i t y  i s  t h e  volume f r a c t i o n  o f  a e r o s o l s .  Un- 
f o r t u n a t e l y ,  a t  p r e s e n t ,  t h i s  parameter i s  unknown. It i s  o f  
i n t e r e s t  t o  es t imate  t h e  magnitude o f  @ r e q u i r e d ,  i f  all t h e  
e x c e s s  r e f r a c t i v i t y  were t o  be a c c o u n t e d  for by a e r o s o l s .  For 
s i m p l i c i t y ,  w e  assume t h e  a e r o s o l  r e f r a c t i v i t y  d i s t r i b u t e d  ex- 
p o n e n t i a l l y  w i t h  a l t i t u d e :  

N ( 2 )  = N ( 0 )  e-z”a,  a a ( 4 . 3 )  

where H i s  t h e  a e r o s o l  s c a l e  h e i g h t .  T h i s  i m p l i e s  a l s o  t h a t  a 

( 4 . 4 )  ~ ( z )  = ~ ( 0 )  e -z/Ha 

The e x c e s s  r e f r a c t i v i t y  depends on t h e  c o r r e c t i o n  A a p p l i e d  t o  
t h e  a l t i t u d e - r a d i u s  c o n v e r s i o n .  A r e a s o n a b l e  estimate f o r  A t o  
take c a r e  o f  v a r i o u s  a l t i t u d e  e f f e c t s  may b e ,  s a y ,  1 5  km. F o r  
t h i s  c a s e ,  F i g .  4 y i e l d s  t h e  f o l l o w i n g  p a r a m e t e r s :  

~ ~ ( 0 )  = 4 . 5  x 10-3 

@ ( O )  = 6 . 3  x lo-’ for E = 3.7 ( 4 . 5 )  

Ha = 1 2  km 

A t  z = 18 km, @ % 10”. 
volume f r a c t i o n s  i n  t e r r e s t r i a l  water c l o u d s ,  which are  i n  t h e  

r a n g e  t o  c o r r e s p o n d i n g  t o  obse rved  l i q u i d - w a t e r  con- 
t e n t s  [”’ of  .1 t o  1 0  g / m 3 .  
e x t r e m e l y  l a r g e  volume f r a c t i o n  by t e r r e s t r i a l  s t a n d a r d s .  What 
would s u c h  a heavy a e r o s o l  c o n t e n t  i m p l y  i n  terms nf the o p a c i t y  
of t h e  a tmosphe re  t o  v i s i b l e  l i g h t ,  i n f r a r e d  and microwaves? 

T h i s  v a l u e  may be compared w i t h  t h e  

Apparen t ly ,  a p p e a r s  t o  be a n  
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According  t o  Eq . (A .13) ,  for v i s i b l e  l i g h t ,  t h e  
v e r t i c a l  o p t i c a l  t h i c k n e s s  o f  t h e  a tmosphere  i s  g i v e n  by 

T % - 3 H @(O)/a" ,  
2 a  

where 5 i s  t h e  mean p a r t i c l e  r a d i u s ,  For t h e  c a s e  o f  t h e  
p a r a m e t e r s  i n  ( 4 . 5 ) ,  w e  o b t a i n  

( 4 . 7 )  

Such l a r g e  o p a c i t i e s  imply t h a t  p r a c t i c a l l y  no s u n l i g h t  r e a c h e s  
t h e  Venus s u r f a c e .  It would be p i t c h  d a r k  a t  t h e  s u r f a c e ,  as i n  
t h e  bot tom o f  our o c e a n s .  

I n  t h e  i n f r a r e d ,  t h e  wave l e n g t h s  o f  i n t e r e s t  are 
t h o s e  n e a r  t h e  peak o f  P l a n c k ' s  r a d i a t i o n  c u r v e  for ~ O O O K ,  where 
A % 5 p .  A t  these  w a v e l e n g t h s ,  p a r t i c l e  r a d i i  between 1 p  and 
1Ou c o r r e s p o n d  t o  x between 1 and 1 0 .  A t  these v a l u e s  o f  x ,  
Q(x) r a n g e s  from 1 t o  5 ,  assuming r e a s o n a b l e  v a l u e s  f o r  t he  com- 
p l e x  d i e l e c t r i c  c o n s t a n t .  c221* T h e r e f o r e ,  t h e  i n f r a r e d  T d i f f e r s  
from T o b t a i n e d  above w i t h  Q ( x )  = 2 by l ess  t h a n  a f a c t o r  of  3 ,  
and t h e  o r d e r  of  magni tude  f o r  t h e  i n f r a r e d  o p a c i t y  i s  abou t  t h e  
same as t h a t  o b t a i n e d  i n  ( 4 . 7 ) .  Hence, t h e  large c o n c e n t r a t i o n  
o f  a e r o s o l s  r e q u i r e d  would make t h e  a tmosphere  opaque t o  b o t h  
v i s i b l e  and i n f r a r e d  p h o t o n s .  These c o n d i t i o n s  would p r e v e n t  any  
g reenhouse  e f f e c t .  I n s t e a d ,  t h e  v e r y  l a r g e  i n f r a r e d  o p a c i t y  i s  
s u f f i c i e n t  t o  i n s u l a t e  t h e  i n t e r n a l  heat g e n e r a t e d  i n  t h e  p l a n e t  
and accoun t  f o r  t h e  h i g h  s u r f a c e  t e m p e r a t u r e .  Accord ing  t o  Hansen 
and Matsushima, c231 a n  i n f r a r e d  o p t i c a l  t h i c k n e s s  o f  t h e  o r d e r  1 0  5 
would be s u f f i c i e n t  to g i v e  a 6 0 0 ~ ~  s u r f a c e  t e m p e r a t u r e ,  i f  t h e  
hea t  o u t f l o w  from Venus i s  o f  t h e  same o r d e r  as t h e  E a r t h ' s  
( Ca1/cm2sec). 

c221 I n  t h e  microwave r e g i o n ,  x < < 1 ,  and Q(x) has  t h e  form 

* 
See  E q .  ( A . 9 )  f o r  d e f i n i t i o n  o f  Q(x>, t h e  r e l a t i v e  cross 

s e c t i o n .  
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f o r  scattering and absorption, respectively. E = E '  - iE" is 

Substituting (4.9) into (A.9) and (4&)., 
the complex dielectric constant. Since Qsca < <  &abs$ Q(x) 2 Qabs* 

(4 ,101 

Hence, the microwave absorption coefficient of the aerosols is also 
proportional to the volume fraction. The question arises whether 
the large volume fraction required to account for all the excess 
refractivity would cause a microwave opacity that contradicts the 
observed relative transparency in the range of' 3 to 20 cm. 

The value of E "  depends on the material of the aerosols, 
which is unknown. Moreover, it varies considerably, with the im- 
purity content and the temperature. ["' So we can only make order 
of magnitude estimates. For example, if we assume the material to 
be fused quartz, E = 3.8(1 - 3xl0-~i) at 5 2 O o K ,  neglecting the de- 
pendence of E "  on wavelength. Assuming an exponential for @(z) 
in Eq. (4.10), and with @ ( O )  and Ha given by ( 4 . 5 ) ,  we obtain 
T = 4.7 for X = 3cm, and T = . 7  for X 20cm. The value of E "  

used above is on the low side, as E "  may range from to .1 
for various plausible materials. c26'  
T would be roughly 100 times larger. It appears that the volume 
fraction required by the excess refractivity contradicts the radio 
emission data. 

If E "  = .1, the values of 

Conversely, the microwave transparency in the 3 to 20 cm 
region may be used to set an upper limit to the refractivity con- 
tribution of the aerosols. For this purpose, let us require ~ < 1  
f o r  A>3 cm. This gives the following condition from Eq. (4.10): 

where E " < < ( E ' + ~ )  is assumed. Substituting (4.1) and (4.3) into the 
above, we obtain 

(4.12) 

Pig. 4 indicates that the required scale height is in the vicinity 
of 12 km for the different curves. Assuming E ?  = 3 ,  we obtain 
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. < . 7 x 1 0  -4 f o r  E "  = 

According  t o  F i g .  4 ,  t h e s e  v a l u e s  a re  n, 1 0  t o  1 0 0  t imes t o o  small 
t o  a c c o u n t  f o r  a l l  t h e  e x c e s s  r e f r a c t i v i t y .  

Aside from t h e  d i f f i c u l t y  i n  o b t a i n i n g  a la rge  Na(0) ,  
t h e r e  i s  a l s o  e v i d e n c e  a g a i n s t  t h e  r e q u i r e d  s c a l e  h e i g h t  o f  10 t o  
1 4  km. 

o b t a i n e d  an  a e r o s o l  s c a l e  h e i g h t  of  abou t  4 km. c183 T h i s  has been  
c o r r o b o r a t e d  by  Goody, who o b t a i n e d  a v a l u e  of  3 .7  km by combining 

s p e c t r o s c o p i c  da ta  w i t h  r e f r a c t i o n  measurements .  If  t h i s  v a l u e  
of  s c a l e  h e i g h t  i s  u s e d ,  t h e  a e r o s o l  r e f r a c t i v i t y  would d r o p  o f f  
t o o  r a p i d l y  a t  h i g h  a l t i t u d e s  t o  f i t  t h e  data .  

From t h e  phot-ometry of  t h e  ex tended  h o r n s  o f  Venus, D o l l f u s  

I n  t h e  p r e c e d i n g  d i s c u s s i o n ,  w e  have r e l i e d  on d i r e c t  
o b s e r v a t i o n a l  da ta  r a t h e r  t h a n  on t h e o r y .  Any estimates of con- 
c e n t r a t i o n  from t h e o r e t i c a l  models of  a e r o s o l  t r a n s p o r t  depend 
on t o o  many unknown f a c t o r s .  Moreover,  t h e  a s sumpt ions  of t h e  
models  may n o t  n e c e s s a r i l y  be v a l i d .  Fo r  i n s t a n c e ,  i t  i s  n o t  c e r -  
t a i n  t h a t  t h e  g r a v i t a t i o n a l  s e d i m e n t a t i o n  of t h e  a e r o s o l s  i s  opposed 
o n l y  by upward eddy d i f f u s i o n .  If a e r o s o l s  are c h a r g e d ,  l a r g e  
c o n c e n t r a t i o n s  c o u l d  be suspended by t h e  a c t i o n  o f  e l e c t r i c  f i e l d s .  
The g e n e r a l  c i r c u l a t i o n  of t h e  p l a n e t  i s  unknown, and i t  i s  pos-  
s i b l e  t h a t  a s t eady  f l u x  o f  a e r o s o l s ,  c a r r i e d  w i t h  t h e  f l o w ,  
might  m a i n t a i n  l a r g e  c o n c e n t r a t i o n s  o f  p a r t i c l e s  i n  t h e  a tmosphe re .  
The s o u r c e s  and s i n k s  f o r  t h e  p a r t i c l e s ,  r e q u i r e d  i n  formul 'a t ing  
t h e  p a r t i c l e  t r a n s p o r t  e q u a t i o n s ,  a re  a l s o  unknown, as t h e i r  p ro -  
d u c t i o n  mechanism i s  unknown. By appe 'a l ing  d i r e c t l y  t o  obse rva -  
t i o n a l  da ta ,  w e  have c i rcumvented  these u n c e r t a i n t i e s .  

We have t a c i t l y  assumed above t h a t  e a c h  p a r t i c l e  has 
no permanent  d i p o l e  moment, s o  i t s  p o l a r i z a b i l i t y  i s  e n t i r e l y  due  
t o  i t s  induced  d i p o l e  moment, p r o p o r t i o n a l  t o  i t s  volume. A c t u a l l y ,  
t h e  n a t u r e  o f  t h e  Venus a e r o s o l s  i s  unknown. It i s  q u i t e  p o s s i b l e  
t h a t  t h e  p a r t i c l e s  may have permanent d i p o l e  moments. I n  t h a t  c a s e ,  
large r e f r a c t i v i t y  c o n t r i b u t i o n s  from t h e  a e r o s o l s  do  n o t  neces -  
s a r i l y  imply a l a r g e  volume f r a c t i o n .  F u r t h e r  d i s c u s s i o n  o f  t h i s  
p o i n t  i s  c o n t a i n e d  i n  t h e  next  s e c t i o n .  

V .  REFRACTIVITY CONTRIBUTIONS OF POLAR CONSTITUENTS 

It i s  shown i n  S e c t i o n  I11 t h a t  t h e  e x i s t i n g  o b s e r v a t i o n a l  
da ta  imply t h e  p o s s i b l e  p r e s e n c e  o f  n o t i c e a b l e  f r a c t i o n s  o f  un- 
i d e n t i f i e d  m o l e c u l e s .  I n  t h i s  s e c t i o n ,  we i n v e s t i g a t e  t h e i r  pos- 
s i b l e  e f f e c t s  on t h e  i n t e r p r e t a t i o n  o f  t h e  Mariner-Venera d i s c r e p a n c y .  
The t o t a l  f r a c t i o n  of  such  u n i d e n t i f i e d  g a s e s  c a n n o t  exceed  ~ 1 0 % ~  
s i n c e  t h e  p r o b a b l e  f r a c t i o n  of C O P  i s  ~ 9 0 % .  

i z a b i l i t y  o f  t h e  unknown g a s  must g r e a t l y  exceed  aco i n  o r d e r  t o  
T h e r e f o r e ,  t h e  p o l a r -  

have a s i g n i f i c a n t  e f f e c t  on  a. 2 
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C o n s i d e r a t i o n s  i n  Appendix B show t h a t  any  u n i d e n t i f i e d  
n o n p o l a r  gases are  e x p e c t e d  t o  have a minor e f f e c t  on a. On t h e  
o t h e r  hand,  a p o l a r  c o n s t i t u e n t  among t h e  u n i d e n t i f i e d  g a s e s  w i t h  
a v e r y  l a r g e  d i p o l e  moment, may i n c r e a s e  t h e  v a l u e  of E s i g n i f i -  
c a n t l y  even  i f  i t s  f r a c t i o n  i s  smal l ,  
p e r i m e n t a l  da t a ,  t h i s  s h o u l d  not b e  i g n o r e d  i n  s e a r c h i n g  f o r  a n  
e x p l a n a t i o n  of  t h e  Mariner-Venera d i s c r e p a n c y .  

A c t u a l l y ,  among t h e  i d e n t i f i e d  gases o f  Tab le  11, there  
a re  a l ready  f o u r  t h a t  a r e  p o l a r ;  namely,  H20, CO,  H C 1  and HF. 
number f r a c t i o n s  o f  t h e  l a s t  th ree  molecu le s  are  e x t r e m e l y  small, 
s o  t h e i r  c o n t r i b u t i o n s  t o  CC a r e  v e r y  small, b e i n g  of  t h e  o r d e r  less 
t h a n  If t h e  maximum v a l u e  

f o r  f 

E q .  (B.2), i s  g i v e n  by 

I n  t h e  l i g h t  of p r e s e n t  ex- 

The 

t imes t h a t  of C 0 2  ( s e e  T a b l e  11). 
.007, t h e  c o n t r i 6 u t i o n  of  H20 a t  3 O O 0 K ,  a c c o r d i n g  t o  

and w i l l  n o t  have a large e f f e c t  on a. T h e r e f o r e ,  
c o n t r i b u t i o n  t o  h w i l l  d e r i v e  from p o l a r  molecu le s  
above f o u r  m o l e c u l e s .  

any s i g n i f i c a n t  
o t h e r  t h a n  the  

I n  t h e  f o l l o w i n g  a n a l y s i s ,  w e  es t imate  t h e  o r d e r  of  
magni tude  of  t h e  permanent d i p o l e  moments r e q u i r e d  t o  accoun t  f o r  
t h e  e x c e s s  r e f r a c t i v i t y .  
moments s q u a r e d  by 

Define t h e  a v e r a g e  o f  t he  unknown 

where f 

m o l e c u l e s ,  and t h e  above summation i s  c a r r i e d  o v e r  t h e  uniden-  
i s  t h e  t o t a l  number f r a c t i o n  o f  u n i d e n t i f i e d  p o l a r  

X P  

t i f i e d  s p e c i e s  o n l y .  N e g l e c t i n g  t h e  
a p p l y i n g  E q .  ( B . 3 1 ,  

+ 1 1 fi"i i d e n t i f i e d  
- 
a =  

n o n p o l a r  
g a s e s  p o l a r  gases 

F o r  o u r  p u r p o s e ,  i t  i s  s u f f i c i e n t  t o  

a e r o s o l  c o n t r i b u t i o n ,  and 

c o n s i d e r  a n  a p p r o x i m a t i o n  
o f  CL t h a t  i s  a c c u r a t e  t o  ~10%. 
of t h e  n o n p o l a r ,  non-C02 molecu le s  are assumed e q u a l  t o  a 

w h i l e  t h e  f i t s  o f  t h e  i d e n t i f i e d  p o l a r  m o l e c u l e s  are assumed t o  be 
z e r o ,  t h u s  r e d u c i n g  ( 5 . 2 )  t o  

I n  t h i s  a p p r o x i m a t i b n ,  t h e  a i ' s  

, 
c02  
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A z 
u X  

X P  3kTo Z ( z )  = ( l - f x p )  aco2  + f  

L 

( 5 . 3 )  u X  
2 aco2 + fxp  '3-Fm-7 

An i m p o r t a n t  c h a r a c t e r i s t i c  of  t h e  above e q u a t i o n  i s  
t h e  v a r i a t i o n  of Z w i t h  a l t i t u d e ,  r e s u l t i n g  from t h e  v a r i a t i o n  
o f  t e m p e r a t u r e .  S u b s t i t u t i n g  t h e  d i r e c t l y  measured t e m p e r a t u r e  
p r o f i l e  o f  Venera 4 f o r  T ( z ) ,  one o b t a i n s  a s p e c i f i c  dependence 

of  CL on z f o r  a g i v e n  v a l u e  of f x p  u x  . 
t h u s  o b t a i n e d  from ( 5 . 3 )  i s  p l o t t e d  as dashed c u r v e s  i n  F i g u r e  5 .  
These c u r v e s  may b e  compared wi th  t h e  s o l i d  c u r v e s ,  showing t h e  
r e q u i r e d  Z ( z ) / a  c a l c u l a t e d  from t h e  Mar ine r  and Venera data 

f o r  d i f f e r e n t  v a l u e s  o f  A .  Accounting f o r  t h e  e x c e s s  r e f r a c t i v i t y  
i n v o l v e s  t h e  n o n t r i v i a l  task of  ma tch ing  two f u n c t i o n s  o f  z ;  
namely,  t h e  r e q u i r e d  cL(z) /a  w i t h  t h a t  g i v e n  by ( 5 . 3 ) .  

- 
2 

c02 
The q u a n t i t y  z(z)/a 

c02 

c 0 2  

It i s  s e e n  i n  F i g u r e  5 t h a t  f a i r  matches a re  o b t a i n e d  

f o r  t he  case w i t h  A = 1 0  km and fxD p x  = e s u 2 ,  and t h a t  - 
w i t h  A = 15 km and f x p  vx = . 5  x 1 0  -36 e s u 2 . *  A p e r f e c t  match i s  
h a r d l y  t o  be  e x p e c t e d  because  o f  t h e  a p p r o x i m a t i o n s  made and t h e  
many unknown f a c t o r s  i n v o l v e d .  The a l t i t u d e  v a r i a t i o n  o f  t h e  
a e r o s o l  c o n t r i b u t i o n  may a l t e r  Eq. ( 5 . 3 1 ,  b u t  t h e  e x a c t  manner o f  
a l t e r a t i o n  i s  unknown. It  i s  i m p o r t a n t  t o  n o t e  t h a t  a v e r y  spe-  
c i f i c  t e m p e r a t u r e  f u n c t i o n  T ( z )  i s  used  t o  d e t e r m i n e  b o t h  T ( z )  
and n ( z ) .  Whether t h e  r e s u l t i n g  p r o d u c t  o f  t hese  two f u n c t i o n s  
can  r e p r o d u c e  N(z)  i s  n o t  a p r i o r i  g u a r a n t e e d .  T h a t  i t  can  do  so ,  
i f  o n l y  q u a l i t a t i v e l y ,  a t t e s t s  t o  some d e g r e e  o f  s e l f - c o n s i s t e n c y  
i n  t h e  p h y s i c a l  model.  

Assuming t h a t  t h e  model i s  c o r r e c t ,  t h e  p a r a m e t e r  
- 

2 
f u seems t o  f a l l  i n  t h e  range  . 5  x 1 0  -36 t o  1 0  -36 e s u  . Un- 

X P  x - 
f o r t u n a t e l y ,  t h e  v a l u e  for p x z  canno t  be d e t e r m i n e d  s i n c e  f 

i s  unknown. L e t  u s  examine some p o s s i b l e  c a s e s :  
X P  

*Throughout t h i s  p a p e r ,  u i s  g i v e n  i n  e l e c t r o s t a t i c  u n i t s ,  
a b b r e v i a t e d  b y  e s u .  
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i n  e s u  " x , r m s  f 
X P  

-18 

-18 
Case I . 2  1 . 6  - 2 . 2  x 1 0  

Case I1 .1 2 . 2  - 3 . 2  x 1 0  

Case I11 .01 -18 7 . 1  - 1 0  x 1 0  

For compar ison ,  w e  n o t e  t h a t  t h e  d i p o l e  moment of 
e s u .  Case I i s  t h e  ex t reme c a s e  a d m i s s i b l e  H20 i s  1 . 8 5  x 10 -18 

by t h e  r e v i s e d  Venera data  where 80% C 0 2  i s  assumed (see S e c t i o n  
111). 

v a r i e t y  of  p o l a r  g a s e s .  [28'  
t h e  r e q u i r e d  p t e n d s  t o  be too  h i g h  f o r  i n o r g a n i c  p o l a r  g a s e s ,  
hi i t  can  r e a d i l y  b e  s a t i s f i e d  by many o r g a n i c  p o l a r  g a s e s .  I n  
Case 111, where o n l y  a small f r a c t i o n  o f  t h e  non-C02 c o n s t i t u e n t s  
a r e  p o l a r ,  t h e  r e q u i r e d  p x  i s  l a r g e r  t h a n  the  d i p o l e  moments o f  
most o r d i n a r y  p o l a r  m o l e c u l e s .  The p r e s e n t  u n c e r t a i n t y  i n  f 

XP 
does  not  a l l o w  us  t o  draw any c o n c l u s i o n s  on t h e  p o s s i b l e  can- 
d i d a t e s  f o r  t h e  u n i d e n t i f i e d  p o l a r  m o l e c u l e s .  

I n  t h i s  c a s e  t h e  r e q u i r e d  p x  can  be s a t i s f i e d  by a wide 
I n  Case 11, assuming a v a l u e  of f 

XP ' 
X 

We l i k e  t o  p o i n t  ou t  t h a t  t h e  d i p o l e  moments r e q u i r e d  
i n  Case 111, or when f i s  even smaller ,  a re  n o t  i m p o s s i b l e  t o  
o b t a i n .  We n o t e  t h a t  a u n i t  e l e c t r o n i c  c h a r g e  ( 4 . 8  x 10-loesu) 
a t  a d i s t a n c e  of  1 A a l r e a d y  g i v e s  a moment of  4 .8  x 10-18esu.  
T h e r e f o r e ,  i t  i s  e x p e c t e d  tha t  o r d i n a r y  m o l e c u l e s ,  w i t h  d imens ions  
o f  t h e  o r d e r  1 A ,  have d i p o l e  moments %l0 - I8esu .  On t h e  o t h e r  
hand ,  o b j e c t s  w i t h  d imens ions  much l a r g e r  t h a n  angs t rom s i z e ,  
w i t h  cha rge  d i s t r i b u t i o n s  that are  n o t  p e r f e c t l y  symmetr ic ,  c o u l d  
e a s i l y  g i v e  d i p o l e  moments much l a r g e r  t h a n  l 0 - I 8 e s u .  I n  t h e  
f o l l o w i n g ,  w e  c o n s i d e r  s e v e r a l  p o s s i b i l i t i e s  f o r  t h e  n a t u r e  of  
t h e s e  o b j e c t s .  

X P  

0 

0 

One p o s s i b i l i t y  i s  t h a t  t h e s e  o b j e c t s  a re  s imply  p a r t  
o f  t h e  a e r o s o l s .  T h e i r  t r u e  p h y s i c a l  n a t u r e  i s  s t i l l  unknown, 
b u t  some of  t h s  p a r t i c l e s  may have d i p o l e  moments, s o  t h a t  t h e i r  
c o n t r i b u t i o n  i s  s imi l a r  t o  t h a t  o f  p o l a r  m o l e c u l e s ;  b u t  t h e i r  
moments w i l l  be  much l a r g e r  because  o f  t h e i r  l a r g e r  d i m e n s i o n s .  
For example,  a p a i r  o f  u n i t  cha rges  s e p a r a t e d  by a d i s t a n c e  %.l 
micron  has a moment dO-15esu, many t imes t h e  above r e q u i r e m e n t .  

I t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  i t  i s  n o t  n e c e s s a r y  
r.-- 4-L- ..--.,."--I - h l . C f e l h n  
1 b l l c  aci U O U L  p a l  t~ have s t eady  , p ~ ~ i i i ~ i l ~ ~ t ,  d i p o l e  iiioiiiefits, 
i n  o r d e r  t o  p roduce  a n  e f f e c t  s imi la r  t o  t h a t  o f  a t r u e  p o l a r  sub- 
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s t a n c e .  It  i s  known t h a t  d u s t  and c loud  p a r t i c l e s  p i c k  up and 

l o o s e  i o n s  i n  t he  a tmosphe re .  Such p r o c e s s e s  n a t u r a l l y  lead 
t o  f l u c t u a t i o n s  i n  t h e i r  charge d i s t r i b u t i o n s ,  which may y i e l d  a 
z e r o  mean d i p o l e  m o m e n t , b u t  a n o n v a n i s h i n g  mean s q u a r e  d i p o l e  
moment; i . e . ,  p = 0 b u t  p 2  # 0 .  T h i s  r e s u l t s  i n  a f i n i t e  p o l a r -  
i z a b i l i t y  c o n t r i b u t i o n .  An ana logous  s i t u a t i o n  i s  observed  i n  
t h e  c a s e  of p r o t e i n s  i n  s o l u t i o n ;  t h e i r  p o l a r i z a b i l i t i e s  come 
p r i m a r i l y  from nonvan i sh ing  mean s q u a r e  d i p o l e  moments, caused  by 
c h a r g e  f l u c t u a t i o n s  o f  a s imilar  n a t u r e .  ['01 

moments o f  t h e  o r d e r  300 x l 0 - I 8 e s u  may o c c u r .  

- 

I n  tha t  c a s e ,  d i p o l e  

. 

Another  p o s s i b i l i t y  i s  t h a t  l a r g e  d i p o l e  moments are  
These a re  p a r t i c l e s  whose c a r r i e d  by  c o l l o i d a l  p a r t i c l e s .  c311 

d imens ions  a r e  l a r g e r  t h a n  o r d i n a r y  m o l e c u l e s ,  bu t  small enough so  
t h a t  t h e i r  s u r f a c e  area-to-volume r a t i o s  a r e  e x t r e m e l y  h igh .  T h e i r  

d imens ions  are  found i n  t h e  range  20  A t o  .2p. T h e i r  i n t e r f a c e s  
a re  u s u a l l y  c h a r a c t e r i z e d  by t h e  p r e s e n c e  o f  s u r f a c e  c h a r g e s ,  and 
t h e i r  s h a p e s  a re  o f t e n  asymmetr ic .  C o l l o i d a l  p a r t i c l e s ,  as re- 
fe r red  t o  here ,  a r e  a g g r e g a t e s  o f  m o l e c u l e s  and n o t  composed of  
s i n g l e  l a rge  m o l e c u l e s .  

0 

A t h i r d  p o s s i b i l i t y  i s  t h a t  t hese  o b j e c t s  may be  macro- 
m o l e c u l e s .  By t h i s ,  we mean not e x c l u s i v e l y  complex macromolecules  
l i k e  p r o t e i n s ,  n u c l e i c  a c i d s ,  e t c . ,  w i t h  m o l e c u l a r  w e i g h t s  i n  
e x c e s s  of 1 0 , 0 0 0 ,  b u t  a l s o  l a r g e  molecu le s  n o t  connec ted  w i t h  
l i v i n g  mat te r ,  hav ing  molecu la r  w e i g h t s  as low as d 0 0 ,  as for 
example ,  o r g a n i c  po lymers .  Dipole  moments of macromolecules  may 
r a n g e  from %200 t o  7 0 0  x 10-18esu. c 3 2 '  

small f r a c t i o n s  , i s  s u f f i c i e n t  t o  e x p l a i n  t h e  Venera-Mariner 
d i s c r e p a n c y .  

T h e i r  p r e s e n c e  i n  v e r y  . 

To r e c o n c i l e  t h e  Mariner-Venera da ta ,  i t  i s  o n l y  r e q u i r e d  
t h a t  t h e  unknown c o n s t i t u e n t  p r e s e r v e  i t s  h i g h l y  p o l a r  s t r u c t u r e  
i n  t h e  r e l a t i v e l y  c o o l  uppe r  r e g i o n s  of t h e  a tmosphe re .  R e f e r r i n g  
t o  F i g u r e  3 ,  i f  A = 1 5  km, t h e  a l t i t u d e s  e x p l o r e d  by Mar ine r  are 
above 20 km, where t e m p e r a t u r e s  are less  t h a n  370°K a c c o r d i n g  t o  t h e  
t h e  Venera measurements .  T h e r e f o r e ,  t h e  h i g h l y  p o l a r  m o l e c u l e s  do 
n o t  n e c e s s a r i l y  have t o  be a b s o l u t e l y  s t a b l e  a t  t e m p e r a t u r e s  up t o  
s u r f a c e  t e m p e r a t u r e  o f  544OK. I n d e e d ,  t h e  anomalous b e h a v i o r  o f  t h e  
Venera d e n s i t y  measurement ( F i g u r e  6 ,  and S e c t i o n  111) may i n d i c a t e  
t h a t  a t  a round  1 5  km a l t i t u d e ,  where t h e  t e m p e r a t u r e  i s  a round  400°K, 
some form o f  chemica l  t r a n s f o r m a t i o n  i s  t a k i n g  p l a c e .  

Whether small c o n c e n t r a t i o n s  of l a r g e  molecu le s  are com- 
p a t i b l e  w i t h  t h e  c h e m i s t r y  o f  t h e  c o o l e r  r e g i o n s  i n  t h e  uppe r  a t -  
mosphere,  i s  a q u e s t i o n  which r e q u i r e s  d e t a i l e d  i n v e s t i g a t i o n  be- 
yond t h e  scope  of  t h i s  r e p o r t .  There a r e ,  however,  some i n d i c a t i o n s  
t h a t  chemica l  e q u i l i b r i u m  w i t h  t h e  l i t h o s p h e r e  'j3' i s  n o t  t h e  o n l y  
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. g o v e r n i n g  f a c t o r  i n  t h e  chemica l  s t r u c t u r e  of t h e  a tmosphe re .  The 

p e c u l i a r  a b s o a p t i o n  spec t rum i n  t h e  u l t r a v i o l e t ,  c 3 4 1  and t h e  obse rved  
d e c r e a s e  i n  u l t r a v i o l e t  a l b e d o  [ 3 5 y  361 s u g g e s t  t h e  p r e s e n c e  of  
more complex c o n s t i t u e n t s .  

A p o s s i b l e  s o u r c e  of l a r g e  c a r b o n - c o n t a i n i n g  m o l e c u l e s  
c o u l d  b e  t h e  r e d u c t i o n  of C02 induced  by  e n e r g e t i c  charged  p a r t i c l e s ,  
s imilar  t o  t h e  p r o c e s s e s  demons t r a t ed  b y  C a l v i n ,  e t  a l .  c371 
m o l e c u l e s  can  se rve  as p r e c u r s o r s  t o  more complex m o l e c u l e s .  

Such 

There  s h o u l d  be  l i t t l e  d i f f i c u l t y  i n  suspend ing  macro- 
m o l e c u l e s  i n  t h e  a tmosphere .  While t h e y  might be l a r g e ,  t h e y  a r e  
seldom la rger  t h a n  %.l p .  Applying S t o k e s ’  l a w  t o  t h e  Venus btmo- 
s p h e r e ,  one f i n d s  t h a t  a .1 1-1 p a r t i c l e  w i t h  d e n s i t y  of 1 g/cm3 w i l l  
t a k e  %lo0 y e a r s  t o  f a l l  1 0  k m  b y  g r a v i t y .  Moreover,  a e r o s o l s  t h a t  
s c a t t e r  v i s i b l e  l i g h t ,  which p robab ly  have s i z e s  ~1 p ,  a p p e a r  t o  
b e  suspended  i n d e f i n a t e l y  i n  t h e  a tmosphe re .  The mechanism 
o f  s u s p e n s i o n  s h o u l d  be even  more e f f e c t i v e  for smaller  s i z e  o b j e c t s .  

I n  c o n s i d e r i n g  macromolecules ,  one need  n o t  a p r i o r i  
e x c l u d e  t h o s e  connec ted  w i t h  l i v i n g  mat te r ,  for t h e r e  i s  no d e f i n i t e  
p r o o f  t h a t  organisms are absen t  i n  t h e  low t e m p e r a t u r e  r e g i o n  
o f  t h e  Venus a tmosphere .  If t h e  c l o u d s  are  indeed  i c e  c r y s -  
t a l s ,  c 3 8 y 3 9 1  t h e  p r e r e q u i s i t e s  for p h o t o s y n t h e s i s ,  C 0 2 ,  H20, 
and s u n l i g h t ,  a r e  p l e n t i f u l  i n  t h e i r  v i c i n i t y .  T h i s  has been  
emphasized by  Morowitz and  Sagan. c 4 0 1  

I n  t h e  f o r e g o i n g ,  we have d i s c u s s e d  d i f f e r e n t  c a s e s  
o f  f i n i t e  v a l u e s  o f  f . I t  i s  a p p r o p r i a t e  t o  i n q u i r e  what t y p e  
o f  f ’ i t  f = 0 would g i v e .  It  i s  s e e n  i n  F i g u r e  5 t h a t ,  w i t h  

A = 2 2  km, a c o n s t a n t  E w i t h  fxD = 0 f i t s  t h e  low a l t i t u d e s ,  b u t  

XP 
XP 

does  n o t  f i t  t h e  h i g h e r  a l t i t u d ’ e s ,  where a v a r i a t i o n  o f  a w i t h  
a l t i t u d e  appears t o  be  r e q u i r e d .  S i n c e  most of t h e  M a r i n e r  
da ta  r e f e r  t o  t h e  h i g h e r  a l t i t u d e s ,  t h e  b e h a v i o r  i n  t h a t  r e g i o n  i s  
of p r i m a r y  c o n c e r n  i n  i n t e r p r e t i n g  t h e  da ta .  

The a p p a r e n t  v a r i a t i o n  o f  w i t h  a l t i t u d e  i s  i m p l j e d  
by a small  d i f f e r e n c e  i n  shape  between t h e  Mar ine r  and  Venera 
r e f r a c t i v i t i e s .  ( F i g .  3 )  I n  t h e  a b s e n c e  of more d e t a i l e d  
i n f o r m a t i o n  on p o s s i b l e  e r r o r  l i m i t s ,  i t  canno t  b e  r u l e d  o u t  
t h a t  t h e  cl i f ferer ice  may be  due t o  s y s t e x a t l c  e r r o r s .  T h i s  
p o i n t  i s  i n  need of f u r t h e r  i n v e s t i g a t i o n .  The d i r e c t -  
i n v e r s i o n  Mar ine r  d a t a ,  on which o u r  a n a l y s t s  i s  based, a re  
p r e l i m i n a r y ;  t h e r e f o r e ,  c o n c l u s i o n s  based on t h e  obse rved  
d i f f e r e n c e s  a r e  t e n t a t i v e ,  pending  t h e  c o m p l e t i o n  of f i n a l  
- - . - . - , . . - . . - .qmm n~ t h n  nnnn:nr\r ,  i i - ~ f ~  p~ uLc‘3’3iiiEj W J  b i i ~  i’iai LIILI U C L V U .  
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Assuming t h e  v a r i a t i o n  i n  t o  b e  r e a l ,  w e  i n t r o d u c e  

a n  a l t i t u d e  dependence i n  by i n c l u d i n g  t h e  maximum20f . 7 %  water 
= .024 x v a p o r ,  and t h i s  g i v e s  t h e  dashed c u r v e  marked f H  

1 0  e s u  i n  F i g u r e  5. T h i s  dashed c u r v e  d o e s  n o t  i n c r e a s e  f a s t  
enough t o  f i t  t h e  s o l i d  c u r v e  f o r  ls = 2 2  km. It a p p e a r s  t h a t  
some a d d i t i o n a l  p o l a r  c o n s t i t u e n t s  may be r e q u i r e d  t o  g i v e  
enough v a r i a t i o n  o f  a ( z ) .  This  l a t t e r  s t a t e m e n t  i s  s u b j e c t  t o  
t h e  a s sumpt ion  t h a t  t h e  compos i t ion  i s  i n v a r i a n t  w i t h  a l t i t u d e ;  
i . e . ,  t h e  f . ’ s  o f  t h e  d i f f e r e n t  c o n s t i t u e n t s  a re  c o n s t a n t .  F o r  
i f  t h e r e  i s  a c o n d e n s i b l e  c o n s t i t u e n t ,  o r  one t h a t  may b e  
produced i n  s i t u  i n  t h e  a tmosphere ,  i t s  number f r a c t i o n  may va ry  
w i t h  a l t i t u d e ,  c a u s i n g  a change i n  i. 

H2° 
p 

2 2 - 3 6  

1 

V I .  R E G I O N  PROBED BY VENERA 4 

L e t  u s  now r e v e r t  t o  t h e  q u e s t i o n  o f  t h e  d i s p l a c e m e n t  
A ,  t h e  o t h e r  p o s s i b l e  s o u r c e  of t h e  Mariner-Venera d i s c r e p a n c y ,  
and d i s c u s s  i n  t h e  f o l l o w i n g  s e c t i o n s  t h e  s e v e r a l  f a c t o r s  t h a t  
can  a c c o u n t  f o r  t h e  d i s p l a c e m e n t .  

I t  h a s  been  su rmised  t h a t  t h e  Venera c a p s u l e  s t o p p e d  
t r a n s m i t t i n g  da t a  b e f o r e  i t  reached  t h e  s u r f a c e ,  s o  t h e  l a s t  
t e m p e r a t u r e  i t  r e a d  r e f e r s  n o t  t o  t h e  s u r f a c e ,  b u t  t o  some h i g h e r  
a l t i t u d e .  I n  t h i s  c a s e ,  t h e  r e g i o n  probed by  Venera 4 c o r r e s p o n d s  
t o  h i g h e r  a l t i t u d e s ,  which r e d u c e s  t h e  d i s c r e p a n c i e s  i n  F i g u r e s  1 
and 2 .  The s u s p i c i o n  about  a premature  power t e r m i n a t i o n  i s  
h e i g h t e n e d  b y  t h e  f a c t  t h a t  t h e  power supp ly  was d e s i g n e d  t o  l a s t  
f o r  1 0 0  m i n u t e s ,  and t h e  t o t a l  d e s c e n t  t ime o f  9 4  m i n u t e s  
approached  t h i s  l i m i t .  c3’ Another argument advanced i s  t h a t  t h e  

microwave b r i g h t n e s s  t e m p e r a t u r e  a t  wave leng ths  between 2 and 20  cm 
i s  a round  6 O O O K  c41’ which i m p l i e s  a n  a v e r a g e  s u r f a c e  t e m p e r a t u r e  
i n  t h e  r a n g e  650-700OK on account  o f  t h e  p l a n e t ’ s  e m i s s i v i t y .  
Looking a t  F i g u r e  2 ,  one n o t e s  t h a t  t h e  Mar ine r  t e m p e r a t u r e  c u r v e  
e x t r a p o l a t e s  t o  t h e  e x p e c t e d  range  of t e m p e r a t u r e  a t  t h e  s u r f a c e ,  
whereas t h e  Venera c u r v e  shows a s u r f a c e  t e m p e r a t u r e  o f  5 4 4 O K ,  which 
a p p e a r s  t o  b e  t o o  low. However, t h i s  argument may n o t  h o l d  i f  
a small p a r t  o f  t h e  obse rved  microwave e m i s s i o n  i s  o f  non the rma l  
o r i g i n ,  which by no means can  b e  r u l e d  o u t  a t  p r e s e n t .  

I t  was r e p o r t e d  c2’  t h a t  t h e  radar  a l t i m e t e r  d i d  n o t  
m o n i t o r  t h e  a l t i t u d e  c o n t i n u o u s l y ,  b u t  marked o n l y  t n e  i n i t i a i  
a l t i t u d e ,  which was found t o  be 26  - + 1 . 3  km. The s u b s e q u e n t  a l t i -  
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. t u d e s  were o b t a i n e d  by s u b t r a c t i n g  t h e  d e s c e n t  p a t h  from t h e  
i n i t i a l  a l t i t u d e ,  which descen t  p a t h  was d e t e r m i n e d  i n  two w a y s :  
(1) by i n t e g r a t i n g  t h e  h y d r o s t a t i c  e q u a t i o n  u s i n g  t h e  d e n s i t y  
measured a t  v a r i o u s  p r e s s u r e s ;  ( 2 )  by i n t e g r a t i n g  t h e  d e s c e n t  
v e l o c i t y ,  w i t h  t h e  v e l o c i t y  c a l c u l a t e d ' f r o m  t h e  d e n s i t y  and d r a g  
c o e f f i c i e n t ,  n e g l e c t i n g  v e r t i c a l  winds .  The d i s t a n c e s  e v a l u a t e d  
b y  t h e s e  two methods a g r e e  very w e l l .  The t o t a l  v e r t i c a l  p a t h  
t r a v e r s e d  by  t h e  c a p s u l e  was found t o  be  28  t 1 k m ,  which a g r e e s  
w i t h i n  5% w i t h  the  i n i t i a l  a l t i t u d e .  T h i s ,  t o g e t h e r  w i t h  t h e  
f a c t  t h a t  t h e  s i g n a l  s t o p p e d  a b r u p t l y ,  l e a d  t h e  R u s s i a n s  t o  con- 
c l u d e  t h a t  t h e  c a p s u l e  suddenly c e a s e d  t r a n s m i t t i n g  a t  t h e  moment 
of  impact  on t h e  g round ,  and t h e  f i n a l  t e m p e r a t u r e  measured was 
t h e  s u r f a c e  t e m p e r a t u r e .  The c o n s i s t e n c y  o f  t h e  data  l e n d s  s u p p o r t  
t o  t h i s  c o n c l u s i o n .  S e r i o u s  e r r o r  i n  measur ing  t h e  i n i t i a l  
a l t i t u d e  canno t  b e  r u l e d  o u t .  
i s  needed  t o  accoun t  f o r  t h e  e n t i r e  d i s c r e p a n c y .  

An e r r o r  o f  a p p r o x i m a t e l y  2 0  km 

V I I .  RADAR RADIUS 

Another  e x p l a n a t i o n  o f  t h e  d i s c r e p a n c y  i s  t h a t  t h e  
radar  r a d i u s  may be  i n  e r r o r .  The b a s i c  e x p e r i m e n t a l  data i n  
d e t e r m i n g  t h e  radar r a d i u s  a r e  t h e  t r a v e l  t imes o f  radar s i g n a l s  
r e f l e c t e d  by the  Venus s u r f a c e ,  which have been  measured a t  v a r i o u s  
t imes from 1959 t o  1 9 6 7 .  The radar t r a v e l  t i m e  g i v e s  t h e  
d i s t a n c e  between radar  s o u r c e  and s u b r a d a r  p o i n t  on Venus, t o  an  
a c c u r a c y  o f  1 p a r t  i n  1 0  , t h e  a c c u r a c y  o f  one-way t r a v e l  time 
b e i n g  o f  t h e  o r d e r  t 5  x 1 0  s e e ,  e q u i v a l e n t  t o  t 1 . 5  km i n  
d i s t a n c e .  The r a d i u s  from t h e  p l a n e t  cen ter -of -mass  t o  the  
s u b r a d a r  p o i n t  would be  t r i v i a l l y  and unambiguously d e t e r m i n e d  
i f  w e  c o u l d  c a l c u l a t e ,  i n d e p e n d e n t l y  o f  t h e  radar data,  t h e  
i n s t a n t a n e o u s  p o s i t i o n  o f  t h e  p l a n e t  c e n t e r ,  t o  an  a c c u r a c y  
comparable  t o  t h e  radar  d a t a .  U n f o r t u n a t e l y ,  t h i s  i s  - n o t  t h e  
c a s e .  (An e x c e p t i o n  w i l l  b e  d i s c u s s e d  b e l o w ) .  T h i s  i s  b e c a u s e  
t h e  c o n v e n t i o n a l  a s t r o n o m i c a l  c o n s t a n t s  u sed  t o  c a l c u l a t e  o r b i t s  
are  d e r i v e d  from o p t i c a l  o b s e r v a t i o n s ,  which are  s e v e r a l  o r d e r s  
o f  magni tude  below t h e  accuracy  of t h e  radar  data. I n  f a c t ,  
t h e  most  a c c u r a t e  method p r e s e n t l y  a v a i l a b l e  f o r  e v a l u a t i n g  t h e  
a s t r o n o m i c a l  c o n s t a n t s  i s  by radar measurement i t s e l f .  Thus,  
b o t h  t h e  p l a n e t a r y  r a d i u s  and t h e  i n s t a n t a n e o u s  p o s i t i o n  o f  t h e  
p l a n e t a r y  c e n t e r - - t h e r e f o r e ,  t h e  parameters u s e d  t o  d e t e r m i n e  
t h e  c e n t e r ' s  motion--must be de te rmined  s i m u l t a n e o u s l y  from 

o b t a i n i n g  a l e a s t - s q u a r e s  f i t  t o  a la rge  s e t  o f  radar ob- 
s e r v a t i o n s  from 1959 t o  1 9 6 6 ,  supplemented  by o p t i c a l  o b s e r -  
v a t i o n s  from 1950 t o  1965 .  The p r o c e d u r e  i s  b r i e f l y  as 
f o l l o w s  : 

8 
-6 

t h e  radar data.  T h i s  was done b y  S h a p i r o  e t  a l . ,  C7>421 b y  

F i r s t ,  t h e  t h e o r e t i c a l  d e l a y  t i m e  a t  e a c h  r a d a r  o b s e r -  
v a t i o n  i s  c a l c u l a t e d ,  u s i n g  t h e  p r e s e n t l y  known v a l u e s  o f  masses 
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and o r b i t a l  e l emen t s  of  t h e  s o l a r  s y s t e m .  Among t h e  p a r a m e t e r s  
i n  t h i s  c a l c u l a t i o n  i s  t h e  Venus r a d i u s ,  assumed t o  be  6100 km. 
The r e s i d u a l s  between t h e  observed  and t h e o r e t i c a l  t i m e - d e l a y s  
a re  t h e  Venus r a d i u s  and 25 o t h e r  parameters t h a t  e n t e r  i n t o  c a l -  
c u l a t i n g  t h e  t h e o r e t i c a l  t ime-de lays .  The 25  o t h e r  p a r a m e t e r s  
a re  t h e  i n v e r s e  masses o f  V e n u s ,  Mercury,  Earth-Moon and Mars, 
t h e  earth-moon mass r a t i o ,  t h e  a s t r o n o m i c a l  u n i t  i n  l i g h t - s e c o n d s ,  
t h e  Mercury r a d i u s ,  and s i x  i n i t i a l  c o n d i t i o n s  each  f o r  t h e  o r b i t s  
of Mercury, Venus and t h e  Earth-Moon b a r y c e n t e r .  The f i n a l  s e t  
of v a l u e s  f o r  t h e  2 6  pa rame te r s  r e p r e s e n t  t h e  l e a s t - s q u a r e s  
f i t  t o  abou t  330 r a d a r  and 1 3 8 0  o p t i c a l  o b s e r v a t i o n s .  Among t h e  
f i n a l  s e t  of  parameters i s  t h e  v a l u e  6056 km for t h e  Venus r a d i u s .  

A q u e s t i o n  n a t u r a l l y  a r i s e s  as t o  how much t h e  c o r r e c t i o n  
o f  t h e  Venus r a d i u s  from 6 1 0 0  km t o  6056 km may be  a f f e c t e d  by ad- 
j u s t m e n t  of t h e  o t h e r  p a r a m e t e r s .  I t  t u r n s  o u t  t h a t  t h e  Venus 
r a d i u s  a d j u s t m e n t  i s  weakly c o r r e l a t e d  w i t h  a l l  t h e  o t h e r  p a r a -  
m e t e r s ,  e x c e p t  t h e  e c c e n t r i c i t i e s  of t h e  Venus and Earth-Moon o r b i t s ,  
which have  no rma l i zed  c o r r e l a t i o n  c o e f f i c i e n t s  w i t h  r e s p e c t  t o  t h e  
Venus r a d i u s  of abou t  . 5 .  The o t h e r  parameters have c o r r e l a t i o n  co- 
e f f i c i e n t s  c . 2 6 ,  and are  most ly  %.1 or l e s s .  T h e r e f o r e ,  t h e  e f f e c t  
o f  t h e  o t h e r  parameters on t h e  b e s t - f i t  Venus r a d i u s  i s  small. 

I t  has been no ted  t h a t  a c o n s t a n t  b ias  e r r o r  i n  t h e  
measured t r a v e l  t i m e  would l e a d  t o  a change i n  t h e  radar r a d i u s ,  
w i t h o u t  a l t e r i n g  t h e  l e a s t - s q u a r e s  f i t t i n g .  However, t h i s  p o s s i -  
b i l i t y  i s  now c o n s i d e r e d  remote,  s i n c e  t h e  radar  data  o b t a i n e d  by 
e a c h  radar f a c i l i t y  have r e c e n t l y  been p r o c e s s e d  s e p a r a t e l y ,  and 
found t o  g i v e  abou t  t h e  same v a l u e s :  C43,  4 4 1  

Radar f a c i l i t y  Radar r a d i u s ,  km 

Arec ibo  ( P u e r t o  Rico)  6052+2 

Golds tone ,  C a l i f .  ( J . P . L . )  6 0 5 3 . 7 k 2 . 2  

L i n c o l n  L a b .  ( M . I . T . )  6048_+1 

The most c o n v i n c i n g  e v i d e n c e  t h a t  t h e  Venus s u r f a c e  
r a d i u s  does  i n d e e d  l i e  i n  t h i s  r a n g e  has r e c e n t l y  been  o b t a i n e d  
b y  a g roup  a t  JPL u s i n g  t h e  f o l l o w i n g  approach .  A m b i g u i t i e s  
i n  d e t e r m i n g  t h e  r a d i u s  by radar  are  removed, i f  w e  can  a c c u r a t e l y  
d e t e r m i n e  t h e  p l a n e t  c e n t e r  a t  t h e  t i m e  of radar  bounce .  Such 
a d e t e r m i n a t i o n  can  be  made on t h e  bas i s  o f  Mar ine r  V r a n g e  
da ta  d u r i n g  e n c o u n t e r .  While no radar bounce was made a t  t h a t  
e x a c t  t ime, t h e r e  were r ada r  bounces b e f o r e  and  a f t e r  t h a t  t i m e ,  
s o  a n  i n t e r p o l a t i o n  o f  r a d a r  d a t a  c a n  i n d e e d  b e  made. The 
M a r i n e r  V r ange  measurement i s  v e r y  a c c u r a t e .  The e r r o r s ,  m o s t l y  
r e s u l t i n g  from computa t ion  r a t h e r  t h a n  i n s t r u m e n t s ,  are  %l km. 
By combining t h e  Mar ine r  V r a n g e  da ta  w i t h  t h e  radar data ,  a T T - . - - . -  - - - - 7 *  

V C I l U b  L ' d U I U S  of 
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6052.9 or 6055.8 was found ,  depending  on t h e  ephemer is  u s e d .  

. 

If a radar r a d i u s  somewhat smaller  t h a n  6056 km i s  
u s e d  i n  F i g .  3 ,  t h e  Mar iner  cu rve  w i l l  b e  s h i f t e d  upward, and 
t h e  v a l u e  of A f o r  each  curve i n  F i g s .  4 and 5 i s  i n c r e a s e d .  
A r e d u c t i o n  i n  radar r a d i u s  by 3 km, f o r  example,  w i l l  r e s u l t  
i n  a un i fo rm i n c r e a s e  i n  A by 3 k m ,  b u t  t h e  c o n c l u s i o n s  w e  
d e r i v e  w i l l  r emain  e s s e n t i a l l y  unchanged. 

V I I I .  POSSIBILITY OF ELEVATED L A N D I N G  SITE 

A f u r t h e r  p o s s i b l e  e x p l a n a t i o n  o f  t h e  d i s c r e p a n c y  i s  
t h a t  Venera 4 l a n d e d  on a mountain or p l a t e a u ,  20-25 km above 
t h e  mean s u r f a c e  l e v e l .  

I t  was r e p o r t e d  t h a t  Venera 4 l a n d e d  " n e a r  t h e  

e q u a t o r .  c31 The r e p o r t  d i d  not  s p e c i f y  how c l o s e  t o  t h e  e q u a t o r .  
But s i n c e  t h e  a c c u r a c y  o f  l o c a t i n g  t h e  l a n d i n g  s i t e  i s  a b o u t  
500 k m  ( o r  % 5 O ) ,  " n e a r  t h e  e q u a t o r "  p r o b a b l y  means t h a t  t h e  lati- 
t u d e  i s  w i t h i n  + 5 O .  

More t h a n  300 radar o b s e r v a t i o n s  o f  Venus have been  
made on d i f f e r e n t  dates  o v e r  t h e  p a s t  f i v e  y e a r s .  Because the 
Venus s p i n  a x i s  i s  n e a r l y  normal t o  t h e  e c l i p t i c  (%lo o f f ) ,  C46, 4 7 1  
t h e  s u b r a d a r  p o i n t s  a t  t h e  d i f f e r e n t  dates  o f  o b s e r v a t i o n s  are 
a l l  l o c a t e d  v e r y  c l o s e  t o  t h e  e q u a t o r  and d i s t r i b u t e d  a t  v a r i o u s  
l o n g i t u d e s  a round t h e  p l a n e t .  The radar  i l l u m i n a t i o n  i s ,  o f  
c o u r s e ,  n o t  c o n f i n e d  t o  t h e  s u b r a d a r  p o i n t ,  b u t  s p r e a d  o u t  o v e r  
the  hemisphe re .  However, a h i g h l i g h t e d  area may be i d e n t i f i e d  
a b o u t  e a c h  s u b r a d a r  p o i n t  from which a p p r o x i m a t e l y  50% o f  t h e  r a d a r  
echo  power i s  r e f l e c t e d ,  and t h i s  area would c o v e r  r o u g h l y  7' i n  
l a t i t u d e  and l o n g i t u d e .  c 4 8 1  The Venera 4 l a n d i n g  s i t e  i s  ap- 
p a r e n t l y  l o c a t e d  w i t h i n  more s e n s i t i v e ,  r a d a r - h i g h l i g h t e d  re- 
g i o n s  a b o u t  t h e  e q u a t o r ,  which have been  e x p l o r e d  by numerOous 
radar  r e f l e c t i o n s .  The r e f l e c t i o n s  have been  a n a l y z e d  t o  
d e t e r m i n e  

a .  

s u r f a c e  f e a t u r e s  as summarized i n  t h e  f o l l o w i n g :  

Time-delay da ta  - When t h e  t i m e - d e l a y s  o f  many r a d a r  
o b s e r v a t i o n s  a re  l e a s t - s q u a r e s  f i t t e d  t o  a s p h e r i c a l  
model p l a n e t ,  a va lue  f o r  t h e  mean e q u a t o r i a l  r a d i u s  
i s  o b t a i n e d .  Fu r the rmore ,  when t h e  obse rved  t i m e -  
d e l a y  a t  e a c h  radar o b s e r v a t i o n  i s  compared t o  t h e  
t h e o r e t i c a l  v a l u e  f r o m  t h e  a v e r a g e  s p h e r i c a l  model ,  
t h e  d i f f e r e n c e  may be i n t e r p r e t e d  as d e v i a t i o n  of  t h e  
r a d i u s  of t h e  s u b r a d a r  r e g i o n  from t h e  mean r a d i u s .  
T h i s  i s  p o s s i b l e  because  of  t h e  h i g h  a c c u r a c y  o f  t h e  
t ime-de lay  measurements ,  which i s  e q u i v a l e n t  t o  abou t  
21.5 km i n  r a n g e .  By examining  tne  r e s i d u a i s  of a 

conc luded  t h a t  t h e  maximum r a d i a l  v a r i a t i o n  i n  t h e  
e q u a t o r i a l  r e g i o n  i s  a b o u t  4 t o  5 km. T h i s  s p e a k s  

l a r g e  number o f  r a d a r  o b s e r v a t i o n s ,  Ash e t  a l . ,  c73 
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a g a i n s t  t h e  p o s s i b i l i t y  of a 20-25 km p l a t e a u  above 
t h e  mean s u r f a c e  i n  the  e q u a t o r i a l  r e g i o n .  How- 
e v e r ,  one m i g h t  a rgue  t h a t  a s u f f i c i e n t l y  small 
e l e v a t e d  area may have e scaped  p r e v i o u s  radar de- 
t e c t i o n .  T h i s  argument may be  r e s o l v e d  by f u t u r e  
radar  expe r imen t s  t h a t  c o n c e n t r a t e  on t h e  Venera 4 
l a n d i n g  s i t e .  

b .  Radar  S u r f a c e  F e a t u r e s  - S e v e r a l  s u r f a c e  " f e a t u r e s "  
on Venus have been d e t e c t e d  by  radar ,  b u t  t h e i r  
p h y s i c a l  n a t u r e  has no t  been d e t e r m i n e d .  C47,  4 9 ,  501 
T h e i r  e x i s t e n c e  i s  i n f e r r e d  from t h e  appea rance  of  
s t r u c t u r e s  i n  t h e  echo spec t rum which move a l o n g  t h e  
f r e q u e n c y  a x i s ,  a s  a s u r f a c e  f e a t u r e  would move due 
t o  t h e  p l a n e t ' s  r o t a t i o n .  From t h e  movement of t h e  
s p e c t r a l  f e a t u r e ,  a s i m u l t a n e o u s  d e t e r m i n a t i o n  of 
t h e  l o c a t i o n  of  t h e  s u r f a c e  marking  and t h e  r o t a t i o n  
v e c t o r  can  b e  made. The most prominent  o f  t hese  
f e a t u r e s  a re  t h e  two r e g i o n s  now r e f e r r e d  t o  as "Gold- 
s t o n e  cx and B " ,  which have been wel l -conf i rmed by  
independen t  o b s e r v e r s  a t  s u c c e s s i v e  i n f e r i o r  conjunc-  
t i o n s .  T h e i r  l a t i t u d e s  a r e  a t  -33" and - 2 5 " ,  r e s p e c -  
t i v e l y ;  t h e r e f o r e ,  these  two r e g i o n s  seem t o  b e  t o o  
f a r  from t h e  e q u a t o r  t o  b e  r e l a t e d  t o  t h e  Venera l a n d i n g  
s i t e .  O the r  l e s s -p rominen t  s u r f a c e  f e a t u r e s  have been 
r e p o r t e d  w i t h i n  l e s s  t h a n  10" t o  t h e  e q u a t o r .  A t  
p r e s e n t ,  we can  o n l y  conc lude  t h a t  t h e  two most prom- 
i n e n t  f e a t u r e s  do not c o r r e s p o n d  t o  t h e  Venera 4 l a n d i n g  
s i t e ,  b u t  t h e  p o s s i b i l i t y  t h a t  one of  t h e  l ess  promi- 
n e n t  f e a t u r e s  c o i n c i d e s  w i t h  t h e  Venera 4 s i t e  r ema ins  
open,  which d e s e r v e s  f u r t h e r  i n v e s t i g a t i o n .  

But even  i f  t h e  l o c a t i o n  c o i n c i d e s ,  t h e  c a u s e  o f  t h e  
s p e c t r a l  f e a t u r e  may b e  mere ly  a r e g i o n  o f  h i g h e r  d i -  
e l e c t r i c  c o n s t a n t ,  o r  o f  i n c r e a s e d  r o u g h n e s s .  These  
s p e c t r a l  f e a t u r e s  show up w i t h  pronounced s t r u c t u r e  
i n  t h e  " d e p o l a r i z e d "  spec t rum o f  r e t u r n i n g  waves t h a t  
have r e v e r s e d  t h e i r  c i r c u l a r  p o l a r i z a t i o n  t w i c e .  C471 
T h i s  i n d i c a t e s  t h a t  some o f  t h e  r e t u r n i n g  pho tons  have 
been s c a t t e r e d ,  and ra ises  t h e  p o s s i b i l i t y  o f  mounta in  
r a n g e s .  However, f i e l d s  of b o u l d e r s  or areas w i t h  
roughness  on t h e  s c a l e  of a wave leng th  (%lo cm) c o u l d  
a l s o  p roduce  s imi l a r  e f f e c t s .  

e .  B a c k s c a t t e r  F u n c t i o n  - The radar  b a c k s c a t t e r  f u n c t i o n  
o f  Venus resembles t h e  l u n a r  b a c k s c a t t e r  f u n c t i o n  a t  
l a r g e  i n c i d e n t  a n g l e s ,  b u t  i s  s t e e p e r  a t  small i n c i d e n t  
a n g l e s .  c 4 9 '  51' 

b y  a l l  i n v e s t i g a t o r s .  I n  terms of s u r f a c e  s t a t i s t i c s ,  

The l a t t e r  i n d i c a t e s  t h a t  t h e  Venus 
cl l -nfqna is ~ . m n r . + h n n  t h n -  C L  - - - . e l  
"UI IUCIL u I I I ~ w ~ l ~ ~ ~  b i i a i l  bile I I I U U I I  s , 3 coi ic iusiol i  siial-*ed 
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t h e  "mean s l o p e "  o f  Venus i s  abou t  t h r e e  times smaller 
t h a n  t h e  moon's.  [ 5 2 1  T h e r e f o r e ,  t h e  i n f o r m a t i o n  f rom 
t h e  b a c k s c a t t e r  f u n c t i o n  f a v o r s  a p l a n e t a r y  s u r f a c e  
n o t  as rugged  as t h e  moon's s u r f a c e .  A t  l e a s t ,  t h i s  
a p p l i e s  t o  t h e  e q u a t o r i a l  r e g i o n ,  where t h e  radar i n -  
c i d e n t  a n g l e s  a r e  small. Hence, t h i s  p i e c e  of radar  
data does  n o t  f a v o r  t he  p r e s e n c e  of 20-25 km mounta ins  
i n  t h e  r e g i o n  where t h e  Venera l a n d i n g  i s  l o c a t e d .  

V a r i a t i o n  of  Radar Cross S e c t i o n  c 4 8 3  - T h i s  v a r i a t i o n  may 
b e  a t t r i b u t e d  t o  t h e  p a s s a g e  of  changing  t e r r a i n  unde r  
t h e  s u b r a d a r  r e g i o n ,  b u t  t h e  f a c t  t h a t  t h e  v a r i a t i o n  
changes w i t h  wavelength ,  makes i t  h a r d  t o  i n t e r p r e t .  
T h i s  i s  compl i ca t ed  by p o s s i b l e  a b s o r p t i o n  i n  t h e  Venus 
a tmosphere ,  as w e l l  a s  b y  t h e  t i m e  v a r i a t i o n  of radar  
c o n s t a n t s .  No c l e a r  c o n c l u s i o n  can  be drawn from t h i s  
a s p e c t  o f  t h e  radar da ta .  

d .  

From t h e  above i n v e s t i g a t i o n ,  w e  f i n d  t h a t  t h e  e x i s t i n g  
radar da t a ,  g e n e r a l l y  s p e a k i n g ,  do  n o t  f a v o r  t h e  p r e s e n c e  o f  20- 
25 km h i g h  mounta ins  or p l a t e a u s  i n  t h e  r e g i o n  where Venera 4 
l a n d e d .  A c o n c e n t r a t e d  program o f  radar r e f l e c t i o n s ,  aimed s p e c i f -  
i c a l l y  a t  t h e  l a n d i n g  s i t e ,  t o  b e  made a t  t h e  n e x t  o p p o r t u n i t y ,  
s h o u l d  p r o v i d e  a more d e f i n i t e  answer .  

I X .  EXPLANATION I N  TERMS OF VENUS FIGURE 

Another  p o s s i b l e  e x p l a n a t i o n  of t h e  d i s c r e p a n c y  i s  t o  
a t t r i b u t e  i t  t o  a v a r i a t i o n  o f  t h e  s u r f a c e  r a d i u s  due t o  t h e  
p l a n e t ' s  shape. The p o i n t s  of  t angency  of t h e  o c c u l t i n g  rays d u r i n g  
immersion are  l o c a t e d  a t  a l a t i t u d e  of  37"N, and d u r i n g  emers ion  
a re  l o c a t e d  a t  a l a t i t u d e  o f  32's. One might c o n s i d e r  t h a t  t h e  
s u r f a c e  r a d i u s  o f  abou t  6080 km, which i s  i m p l i e d  by t h e  combina- 
t i o n  o f  Venera 4 and Mar iner  V da ta  (assuming a C02 - N2 a t m o s p h e r e ) ,  
r e f e r s  t o  t h e  32O-37" l a t i t u d e  r e g i o n ,  whereas t h e  radar r a d i u s  
o f  6056 km r e fe r s  t o  t h e  e q u a t o r .  T h i s  i m p l i e s  t h a t  t h e  s u r f a c e  
r a d i u s  i n c r e a s e s  from t h e  e q u a t o r  t o  t h e  p o l e s .  Approximat ing  t h e  
l o n g i t u d i n a l  s e c t i o n  o f  t h e  p l a n e t  by a n  e l l i p s e ,  w e  f i n d  t h a t  t h e  
p o l a r  r a d i u s  would have t o  be  about  66  km l a r g e r  t h a n  t h e  e q u a t o r i a l  
r a d i u s .  T h i s  would b e  o p p o s i t e  t o  t h e  shape of t h e  ear th ,  w b ~ a e  
p o l a r  r a d i u s  i s  a b o u t  2 1  km shor t e r  than  the  e q u a t o r i a l  r a d i u s .  

On t h e  c o n t r a r y ,  t he re  i s  r e c e n t  e x p e r i m e n t a l  e v i d e n c e  
f rom t h e  Mar ine r  V t r a j e c t o r y  d a t a  i n d i c a t i n g  t h a t  Venus i s  o b l a t e  
l i k e  t h e  e a r t h .  T h i s  i s  i m p l i e d  by t h e  g r a v i t a t i o n a l  p o t e n t i a l  
d e r i v e d  f rom t h e  Mar ine r  V t r a c k i n g  da ta .  Because t h e  t r a c k i n g  i s  
suspended  d u r i n g  o c c u l t a t i o n ,  t h e  a v a i l a b l e  t r a c k i n g  da ta  c o r r e s p o n d  
t o  r e l a t i v e l y  l o n g  d i s t a n c e s  from t h e  p l a n e t ,  and o n l y  t h e  e f f e c t  
of t h e  lowes t  o r d e r  harmonic i s  o b s e r v a b l e .  



BELLCOMM. INC. - 24  - 

. 

T h i s  i s  u s u a l l y  denoted  by  J2, a non-dimens iona l  
c o n s t a n t  d e f i n e d  as f o l l o w s :  

2 
v ( r , e )  = - GM (1 - J2a - 2 ( 3  cos2e  - 1)> 

2r r ( 9 . 1 )  

where V ( r , e )  i s  t h e  g r a v i t a t i o n a l  p o t e n t i a l  t o  o r d e r  ($)2, a i s  
t h e  e q u a t o r i a l  r a d i u s ,  r i s  t h e  r a d i u s  from t h e  c e n t e r  o f  mass, 
8 i s  t h e  c o l a t i t u d e  a n g l e ,  G i s  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  and 
M i s  t h e  p l a n e t  mass. The Mar iner  V t r a c k i n g  data  show t h a t  f o r  
Venus E451 

-5 J 2 . 9  x 1 0  . 
28 

We r e c a l l  t h a t  for t h e  e a r t h ,  r 5 3 1  

J2@ = 1.0827 x 

The f a c t  t h a t  J 

a n  e q u a t o r i a l  b u l g e  l i k e  t h e  e a r t h ,  because  J2 i s  r e l a t ed  t o  t h e  

moments of  i n e r t i a  o f  t h e  p l a n e t  by 

has t h e  same s i g n  as J2@ means t h a t  Venus has 
2.9 

J2 = ( C - A ) / M a 2  ( 9 . 2 )  

where C and A a re  t h e  moments o f  i n e r t i a  abou t  t h e  r o t a t i o n a l  and 
e q u a t o r i a l  a x i s ,  r e s p e c t i v e l y .  The s m a l l n e s s  o f  J compared t o  

2$ 
means t h a t  t h e  e q u a t o r i a l  b u l g e  o f  Venus i s  small .  J2@ 

I n  view of t h e  above e v i d e n c e ,  i t  i s  n o t  p o s s i b l e  to 
a t t r i b u t e  t h e  d i s c r e p a n c y  t o  t h e  s h a p e  o f  t h e  Venus s u r f a c e ,  
t h e  r a d i u s  o f  t h e  mean s u r f a c e  l e v e l  w i l l  b e  l ess  a t  32"-37" 
t u d e  t h a n  t h a t  a t  t h e  e q u a t o r .  

s i n c e  
l a t  i- 

Accep t ing  t h e  above v a l u e  of  J2, t h e  o b l a t e n e s s  of 

Assuming V e n u s ' s  Venus i s  much smaller t h a n  t h a t  f o r  E a r t h .  
s u r f a c e  i s  a n  e q u i p o t e n t i a l  s u r f a c e ,  w e  can d e r i v e  t h e  fo l low-  
i n g  r e l a t i o n  between J2 and t h e  e l 1 i p t . i c i t y  E ,  

J2 - - 7 2 E - -  '3 w 2 a 3 / G M  , 
where o i s  the  r o t a t i o n  r a t e .  
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We f i n d  t h a t  E f o r  Venus i s  1 .35  x compared t o  t h e  v a l u e  
3.35 x f o r  E a r t h ,  s o  t h e  p o l a r  r a d i u s  o f  Venus i s  l e s s  
t h a n  .1 km smaller t h a n  i t s  e q u a t o r i a l  r a d i u s .  Thus,  there  i s  
a h i g h  degree of  s p h e r i c a l  symmetry,  and t h i s  a s sumpt ion  used  
t o  i n v e r t  t h e  Mar ine r  o c c u l t a t i o n  data i s  v a l i d .  By e x p l a i n -  
i n g  t h e  Mariner-Venera d i s c r e p a n c y  as p a r t l y  due t o  p o l a r  
s u b s t a n c e s ,  w e  p r e s e r v e  t h e  s p h e r i c a l  model, which i s  c o n s i s -  
t e n t  w i t h  t h e  i n f o r m a t i o n  on J 2 .  

X .  SUMMARY OF RESULTS 

We have shown t h a t  t h e  Venera-Mariner  d i s c r e p a n c y  may n o t  
b e  e x c l u s i v e l y  a m a t t e r  o f  a l t i t u d e  d i f f e r e n c e s ,  as t a c i t l y  as- 
sumed i n  c u r r e n t  d i s c u s s i o n s ,  b u t  may b e  a combina t ion  o f  a l t i t u d e  
and r e f r a c t i v i t y  e r r o r s .  The l a t t e r  a r i ses  from t h e  u n c e r t a i n t i e s  
i n  t h e  p o l a r i z a b i l i t i e s  o f  t h e  non-C02 c o n s t i t u e n t s  o f  t h e  atmo- 
sphere .  The d i s c r e p a n c y  i s ,  t h e r e f o r e ,  connec ted  w i t h  t h e  q u e s t i o n  
o f  t h e  comple te  compos i t ion  of t h e  a tmosphere .  The s p e c t r o -  
s c o p i c  and Venera da t a  on compos i t ion  show t h a t  

1. An assumpt ion  t h a t  N2 i s  t h e  major  non-C02 
c o n s t i t u e n t  i s  n o t  s u p p o r t e d  b y  t h e  o b s e r v a t i o n a l  
f a c t s .  

2 .  The on ly  g a s e s  p o s i t i v e l y  i d e n t i f i e d  are  C 0 2 ,  C O ,  O 2  

H 2 0 ,  H C 1  and HF, b u t  t h e  p r e s e n t  o b s e r v a t i o n a l  data 
a l l o w s  t h e  p o s s i b l e  p r e s e n c e  o f  o t h e r  u n i d e n t i f i e d  
m o l e c u l e s ,  whose number f r a c t i o n s  may be o f  t he  o r d e r  
o f  a f e w  p e r c e n t .  

The p o s s i b l e  e f f e c t s  on r e f r a c t i v i t y  o f  t h e  p r e s e n c e  
o f  u n i d e n t i f i e d  m o l e c u l e s  t h a t  a re  p o l a r  can  a c c o u n t  f o r  par t  of 
t h e  d i s c r e p a n c y .  For r e a s o n a b l e  v a l u e s  o f  number f r a c t i o n s  o f  
such  c o n s t i t u e n t s ,  t h e  r e q u i r e d  d i p o l e  moments can  be m e t  b y  
v a r i o u s  p o l a r  s u b s t a n c e s .  An i m p o r t a n t  f e a t u r e  o f  a large re- 
f r a c t i v i t y  c o n t r i b u t i o n  from p o l a r  s o u r c e s  i s  t h e  v a r i a t i o n  o f  
t h e  a t m o s p h e r e ' s  mean p o l a r i z a b i l i t y  w i t h  a l t i t u d e .  B a r r i n g  
t h e  p o s s i b i l i t y  o f  s y s t e m a t i c  e x p e r i m e n t a l  e r r o r s ,  such  a v a r i -  
a t i o n  appears t o  be  p r e s e n t  i n  t h e  da t a .  Our a n a l y s i s  i s  based on 
M a r i n e r  data  t h a t  are  s t i l l  p r e l i m i n a r y ;  t h e r e f o r e ,  o u r  conclu-  
s i o n s  are t e n t a t i v e ,  pend ing  the  c o m p l e t i o n  o f  f i n a l  p r o c e s s i n g  
o f  t h e  Mar ine r  da ta .  

The p o s s i b l e  r e f r a c t i v i t y  c o n t r i b u t i o n  o f  a e r o s o l s  
has been  i n v e s t i g a t e d .  I f  t h e i r  c o n t r i b u t i o n  i s  l i m i t e d  t o  t h e  
i n d u c e d  p o l a r i z a b i l i t y  de t e rmined  by p a r t i c l e  volume, t h e  concen- 
t r a t i o n  o f  a e r o s o l s  r e q u i r e d  t o  a c c o u n t  f o r  t h e  d i s c r e p a n c y  i s  
e x c e s s i v e ,  and c o n t r a d i c t s  t h e  o b s e r v e d  da ta  on microwave e m i s s i o n ,  
ai2d cL b112 photometry o f  t h e  zxtefided ?ioi?iIS of' Venus. Elowever;, 
t h e  p o s s i b i l i t y  t h a t  f l u c t u a t i o n  o f  c h a r g e  d i s t r i b u t i o n  i n  t h e  
a e r o s o l  p a r t i c l e s  may y i e l d  a v e r y  l a r g e  mean s q u a r e  d i p o l e  
moment, even  though t h e  mean d i p o l e  moment i s  z e r o ,  
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would p e r m i t  t h e  ae i .oso ls  t o  behave e f f e c t i v e l y  l i k e  l a r g e  
p o l a r  s u b s t a n c e s ,  and t h e i r  r e f r a c t i v i t y  c o n t r i b u t i o n  can  
b e  comparable  t o ,  or l a r g e r  t h a n ,  t h a t  f o r  p o l a r  m o l e c u l e s .  

We have e x p l o r e d  t h e  v a r i o u s  e x p l a n a t i o n s  t h a t  i n t e r ?  
p r e t  t h e  d i s c r e p a n c y  as a pure  a l t i t u d e  e f f e c t .  These i n c l u d e  
t h e  p o s i b i l i t i e s  o f  Venera 4 a l t i t u d e  e r r o r ,  e l e v a t e d  Venera 
l a n d i n g  s i t e ,  radar r a d i u s  e r r o r ,  and v a r i a t i o n  o f  s u r f a c e  
r a d i u s  due t o  t h e  p l a n e t ' s  shape .  

The p r e s e n t  radar d a t a  s u g g e s t  a small l i k e l i h o o d  
t h a t  Venera 4 l a n d e d  on an  e l e v a t e d  s i t e ,  a b o u t  20 km above 
t h e  mean s u r f a c e  l e v e l .  However, a modera te  e l e v a t i o n  o f  
5 t o  1 0  km may w e l l  be c o n s i s t e n t  w i t h  t h e  da ta .  A more 
d e f i n i t e  c o n c l u s i o n  may b e  drawn from improved radar data ,  
s p e c i f i c a l l y  aimed a t  e x p l o r i n g  t h e  l a n d i n g  s i t e .  

A c r i t i c a l  examina t ion  o f  t h e  p r o c e d u r e  by which t h e  
radar r a d i u s  i s  a r r i v e d  a t ,  i n d i c a t e s  t h a t  i t s  v a l u e  s h o u l d  
r e p r e s e n t  t h e  mean s u r f a c e  r a d i u s  i n  t h e  e q u a t o r i a l  r e g i o n .  The 
agreement  among s e v e r a l  i ndependen t  d e t e r m i n a t i o n s  shows t h a t  
t h e  v a l u e  l i e s  i n  t h e  r ange  6050-6056 km. 

The v a r i a t i o n  o f  s u r f a c e  r a d i u s  needed t o  e x p l a i n  t h e  
d i s c r e p a n c y  r e q u i r e s  a p r o l a t e  s p h e r o i d  o f  l a rge  e l l i p t i c i t y ,  
which c o n t r a d i c t s  t h e  Mar ine r  V t r a c k i n g  data .  Such an ex- 
p l a n a t i o n  i s  n o t  acceptab le .  

X I .  C O N C L U S I O N S  AND RECOMMENDATIONS 

The s t u d i e s  summarized above s u g g e s t  t h a t  i t  i s  p r e -  
m a t u r e  t o  t r e a t  t h e  Mariner-Venera d i s c r e p a n c y  as b e i n g  e n t i r e l y  
a n  a l t i t u d e  e f f e c t .  The re  a r e  d i f f e r e n c e s  between t h e  M a r i n e r  
and  Venera  data  which,  b a r r i n g  s y s t e m a t i c  e x p e r i m e n t a l  e r r o r s ,  c o u l d  
i m p l y  t h a t  t h e  a t m o s p h e r i c  p o l a r i z a b i l i t y  depends on a l t i t u d e  
and t e m p e r a t u r e .  The  p r e s e n c e  of n o t i c e a b l e  amount of  un iden-  
t i f i e d  p o l a r  s u b s t a n c e s  c o u l d  r e c o n c i l e  t h e s e  d i f f e r e n c e s .  With- 
i n  t he  c o n s t r a i n t s  o f  t h e  a v a i l a b l e  o b s e r v a t i o n a l  data on 
Venus,  i t  i s  p o s s i b l e  t h a t  a p a r t  o f  t h e  d i s c r e p a n c y  i s  c a u s e d  
by  t h e  p r e s e n c e  o f  l a r g e  p o l a r i z a b i l i t i e s  o f  some non-C02 
c o n s t i t u e n t s .  Because  such  l a r g e  p o l a r i z a b i l i t i e s  have  
i m p o r t a n t  i m p l i c a t i o n s  on t h e  n a t u r e  o f  t h e  Venus a tmosphe re ,  
it i s  a d v i s a b l e  t o  p u r s u e  f u r t h e r  r e s e a r c h  t h a t  can  h e l p  
c l a r i f y  t h e  d i s c r e p a n c y .  A s  examples o f  f u r t h e r  work, w e  
l i s t  here a number o f  s u g g e s t i o n s  t h a t  have emerged from 
o u r  s t u d i e s  : 

1. C o n c e n t r a t e d  r a d a r  measurements ,  made a t  a f u t u r e  
c o n j u n c t i o n  when t h e  Venera  l a n d i n g  s i t e  i s  a g a i n  
n e a r  t h e  s u b e a r t h  p o i n t ,  may b e  ab le  t o  examine e v i -  

l a n d i n g  area.  
dence fOi. 23 kiii eleiiatioiis in ti ie  v - l c i i i i t y  tiie 
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2.  

3 .  

4 .  

5 .  

6 .  

An investigation of the possible causes of the 
anomalous behavior of the Venera density gage may 
provide a clue to the nature of the unidentified 
non-C02 constituents. 

A better definition of the number fraction of C02 
will help to resolve the uncertainty in the total 
fraction of non-C02 constituents. 

Spectroscopic search for non-C02 constituents in 
unexplored spectral regions should be continued. 
In particular, the unexplained ultraviolet ab- 
sorption should be investigated more carefully. 

Continued effort in the study of the microwave 
spectrum at high resolution--such as by means of 
radio interferometry--and over as wide a spectral 
range as possible, should eventually help determine 
the mean surface temperature. 

It may be desirable t o  investigate the possible 
mechanisms by which aerosols may acquire a mean 
square dipole moment through fluctuations of their 
charge distribution, even though the mean dipole 
moment is zero. 
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57.  We c a l c u l a t e d  t h e  Mar iner  r e f r a c t i v i t y  from t h e  d i r e c t  
i n v e r s i o n ,  n i g h t - s i d e ,  p r e s s u r e  and t e m p e r a t u r e  c u r v e s  
f o r  1 0 0 %  C 0 2 .  

and i s  i d e n t i c a l  t o  F ig .  6 ( b )  i n  Refe rence  5.  The 
c o r r e s p o n d i n g  t e m p e r a t u r e  cu rve  i s  shown i n  F i g .  2 .  
R e f r a c t i v i t y  p o i n t s  a r e  c a l c u l a t e d  a t  t h e  r ad ia l  
d i s t a n c e s  co r re spond ing  t o  t h e  b r e a k  p o i n t s  of  t h e  
t e m p e r a t u r e  c u r v e .  The Mar iner  r e f r a c t i v i t y  p r o f i l e  
i n  F i g .  3 i s  an  ave rage  c u r v e  t h r o u g h  t h e s e  c a l c u l a t e d  
p o i n t s .  R e c e n t l y ,  K l i o r e  and Cain ( R e f e r e n c e  55)  
r e p o r t e d  r e v i s i o n s  i n  t h e  Mar ine r  r ad ia l  d i s t a n c e  
s c a l e s  due  t o  time c o r r e c t i o n s .  These r e v i s i o n s  re- 
s u l t e d  i n  a n  apprqx ima te ly  uni form a l t i t u d e  s h i f t  i n  
t h e  " p s e u d o i n v e r s i o n "  p r o f i l e s .  If a s imilar  uni form 
s h i f t  i s  a l s o  r e q u i r e d  f o r  t h e  d i r e c t  i n v e r s i o n  
p r o f i l e s ,  t h e  n u m e r i c a l  v a l u e s  o f  A i n  o u r  a n a l y s i s  
w i l l  b e  changed by a c o n s t a n t  amount. 

The  p r e s s u r e  c u r v e  i s  shown i n  F i g .  1, 
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TABLE 1 

GASES* 

c02 

O 2  

H2° 

N2 
u n i d e n t i f i e d  

gases 

H2 

VENERA-4 GAS ANALYSIS 

( p r e l i m i n a r y  ) 

- 9 0  - . 9 5  

.oo4 - . 0 0 8  

. o o i  .007  

<.07 

0 - .10 

--- 

( f i n a l )  
~- ~ 

. 80  - 1 . 0 0  

.oo4  - .016 

. o o i  - . 007  

< .  0 2 5  

0 - .20 

H~ + o2 < ,016 

(1) P r e l i m i n a r y  r e s u l t s  g i v e n  by  Vinogradov i n  
Refe rence  11. 

(2) F i n a l  r e s u l t s  p r e s e n t e d  by  Vinogradov a t  K i t t  
Peak Conference ,  March 1968.  (See Reference  
11) 

*There were 11 g a s  a n a l y z e r  c a r t r i d g e s  used  b u t  some 
are r edundan t .  T h e  system i s  d e s i g n e d  o n l y  t o  d e t e c t  
f i v e  g'ases C 0 2 ,  N2, H 2 0 ,  H2 and 0 2 .  



- 34 - 

TABLE I1 

MOLECULES POSITIVELY IDENTIFIED I N  THE VENUS ATMOSPHERE 

10-18 e s u  

0 

0 

1.85 

.10 

1 .07  

a 

c m 3  

2 . 9 2  

1 . 5 7  

8270 1.51 + 7 

24 1.85 -I- - T 
2770 2.77 + 7 

8810 ? + -  T 

f 

.90 -I .10 

.004 - .016 (Venera  4 )  

< 1 0 - 5  ( S p e c t r o s c o p y )  

.001 - .007 (Venera  4) 

.6 

- 5  

( S p e c t r o s c o p y  ) 

x 10-4 

x 10-6 

x 10-8 

a and p are b a s e d  on d a t a  from R e f e r e n c e  28 ,  

T i s  t e m p e r a t u r e  i n  O K .  
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A P P E N D I X  A 

ANALYSIS OF AEROSOL REFRACTIVITY 

When a conduc t ing  s p h e r e  of r a d i u s  a i s  p l a c e d  i n  an  

e l e c t r i c  f i e l d  E ,  a d i p o l e  moment a 3 E i s  induced  i n  i t .  Hence, t h e  
induced  p o l a r i z a b i l i t y  of a s p h e r i c a l  conduc t ing  p a r t i c l e  i s*  

3 a = a  a 

For a s p h e r i c a l  p a r t i c l e  of  d i e l e c t r i c  c o n s t a n t  E ,  a s imilar  
e x p r e s s i o n  h o l d s :  

a a =’ ($)a3 

For p r o b a b l e  v a l u e s  of E ,  t h e  f a c t o r  i n  p a r e n t h e s i s  i s  of o r d e r  
u n i t y ;  t h e r e f o r e ,  i n  e i t h e r  c a s e ,  a i s  o f  o r d e r  a 3 . 

From t h e  above r e l a t i o n s ,  w e  can  r e a d i l y  u n d e r s t a n d  t h e  
v a s t  d i f f e r e n c e  between t h e  induced  p o l a r i z a b i l i t y  of a molecule  
and t h a t  of  a micron-s ized  p a r t i c l e .  The former  resembles a con- 
d u c t i n g  s p h e r e  w i t h  a r a d i u s  d0-8cm, s o  i t s  induced  p o l a r i z a b i l i t y  
i s  . ~ l O - ~ ~ c r n ~ .  
a 1~ 10-%m3, which i s  many o r d e r s  l a r g e r  t h a n  tha t  f o r  a molecu le .  

On the  o t h e r  hand,  a p a r t i c l e  of  1 p  r a d i u s  has 

I f  n ( a , z ) d a  i s  t h e  number d e n s i t y  of  p a r t i c l e s  w i t h  
r a d i u s  between a and a t da ,  l o c a t e d  a t  t h e  a l t i t u d e  z, t h e n ,  
a c c o r d i h g  t o  E q s .  (A.2) and (2.2), t h e  t o t a l  r e f r a c t i v i t y  due t o  
t h e  a e r o s o l s  i s  

m 
Na(z)  = 211 el n ( a , z ) a  3 da 

E + 2  ( A . 3 )  

where,  for s i m p l i c i t y ,  t h e  a e r o s o l s  are  assumed t o  be d i e l e c t r i c  
s n h e r e s  w i t h  a n  a v e r a g e  d i e l e c t r i c  c o n s t a n t  E .  The i n t e g r a l - i n  
( A . 3 )  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  volume f r a c t i o n  occupied  by 
t h e  a e r o s o l s  i n  u n i t  volume o f  atmo8pher-e. If w e  d e n o t e  t h e  l a t t e r  
by @, t h e  above r e l a t i o n  reduces t o  

where 

* 
Gauss i an  u n i t s  will be  used  t h r o u g h o u t .  
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The v e r t i c a l  o p t i c a l  t h i c k n e s s  of t h e  atmosphere i s  

T = im dz lw da n ( a , z )  a ( a , x )  (A.6)  

where a ( a , h )  i s  t h e  t o t a l  e x t i n c t i o n  cross s e c t i o n  p e r  a e r o s o l  
p a r t i c l e ,  h b e i n g  t h e  wavelength .  If t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  
i s  independen t  of a l t i t u d e ,  n ( a , z )  may be  assumed t o  be  of  t h e  form 

E q .  (A.6)  becomes 

I n  g e n e r a l ,  E221 

where Q(x) i s  a d i m e n s i o n l e s s  f u n c t i o n  of x = 2na/A.  

The f o l l o w i n g  a s y m p t o t i c  l i m i t  h o l d s  for Q ( x ) :  

l i m  Q(x) = 2 ( A . l O )  

F o r  v i s i b l e  l i g h t ,  X 2 . 5 p .  If t h e  a v e r a g e  p a r t i c l e  
r a d i u s  i s  % l p  o r  l a r g e r ,  x; 1 0 ,  and t h e  above a s y m p t o t i c  v a l u e  
for Q ( x )  may be used as a approx ima t ion ,  s o  t h a t  

= 2rrHa]o n(a ,O)  a* da 

Assuming t h a t ,  f o r  an  o r d e r  of magni tude  es t imate ,  

( A . 1 1 )  

( A . 1 2 )  

where 3 i s  t h e  mean p a r t i c l e  r a d i u s ,  and a p p l y i n g  E q .  ( A . 5 )  and 
( A . l O )  t o  ( A . 9 ) ,  we o b t a i n  
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APPENDIX B 

THE POLARIZABILITY OF MOLECULES 

Most n o n p o l a r  molecu le s ,  or m o l e c u l e s  w i t h o u t  permanent  
d i p o l e  moments, have p o l a r i z a b i l i t i e s  o f  abou t  t h e  same o r d e r  o f  
magn i tude .  The r e a s o n  i s  t h a t  t h e  induced  p o l a r i z a b i l i t y  o f  a non- 
p o l a r  mo lecu le  depends p r i m a r i l y  on i t s  " s i z e , "  s imi l a r  t o  t h e  way 
t h e  i n d u c e d  p o l a r i z a b i l i t y  o f  a c o n d u c t i n g  sphere depends  on i t s  
r a d i u s  (Eq. ( A . l ) ) ,  and t h e  " s i z e s "  of m o l e c u l e s  a re  r o u g h l y  t h e  
same for o r d i n a r y  g a s e s .  Thus, f o r  example,  t h e  p o l a r i z a b i l i t i e s  

of C 0 2 ,  N2, O2 and a r g o n  are 2 . 9 3  x 1 . 7 4  x 1 0  -2 4 , 1 . 5 7  x 1 0  -24 , 
and 1 . 6 4  x 1 0  - 2 4  , r e s p e c t i v e l y ,  i n  u n i t s  of cm 3 . 

On t h e  o t h e r  hand, g a s e s  t h a t  c o n s i s t  o f  m o l e c u l e s  w i t h  
permanent  d i p o l e  moments ( p o l a r  m o l e c u l e s )  may have v e r y  l a r g e  
p o l a r i z a b i l i t i e s ,  depending  on t h e  magni tude  of  t h e i r  permanent  
moments. The p o l a r i z a b i l i t y  of  a p o l a r  molecu le  c o n s i s t s  of  an i n -  
duced p a r t  p l u s  a n o t h e r  p a r t  due t o  t h e  o r i e n t a t i o n  o f  i t s  permanent  
moment; t h u s ,  

2 
t -  P 

induced  3 k T y  a - - 
p o l a r  " 

where p i s  the  permanent d i p o l e  moment, and k ,  T are  d e f i n e d  

meaning: 
t a t i o n s  g i v e  a z e r o  a v e r a g e  moment; b u t  i n  t h e  p r e s e n c e  of  a 
f i e l d  E ,  t h e  d i p o l e  o r i e n t a t i o n s  i n  t h e  d i r e c t i o n  of  t h e  f i e l d  
are  f a v o r e d  by  t h e  Boltzmann d i s t r i b u t i o n ,  t h u s  l e a d i n g  t o  a 

p r e v i o u s l y .  The o r i e n t a t i o n  te rm,  p 2 /3kT, has t h e  f o l l o w i n g  
I n  t h e  a b s e n c e  of  a f i e l d ,  t h e  random d i p o l e  o r i e n -  

s t a t i s t i c a l  a v e r a g e  moment o f  t ( u  2 /3kT)  E .  
a t u r e s ,  s a y  300" t o  ~ O O O K ,  t h e  term p 2 /3kT i s  u s u a l l y  much l a r g e r  

A t  o r d i n a r y  temper-  

. It a l s o  means t h a t  t h e  p o l a r i z a b i l i t y  o f  a p o l a r  than " induced  
molecu le  i s  u s u a l l y  much larger t h a n  t h e  induced  p o l a r i z a b i l i t y  
of a nonpo la r  m o l e c u l e .  
which Eq. (B.l) r e a d s :  

A s  a n  i l l u s t r a t i o n ,  c o n s i d e r  H 2 0 ,  for 

a270  - 2 4  3 
a H,O = ( 1 . 5 1  +-) T x 10 cm J 

( B . 2 )  
L 

i s  abou t  
H 3 O  

/3k  = 8 . 2 7 0  x 10 -21 cix3 O R .  A t  30OCK, Q 

L 

t e n  times Q , and t h e  o r i e n t a t i o n  term i n  a i s  a b o u t  18  t i m e s  

t h e  induced  term. For  s i m p l i c i t y ,  w e  w i l l  h e n c e f o r t h  approx ima te  
c02 H2° 


